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Abstract 
The motivation behind this research is to bring cheap, low-cost and clean energy 
technologies to the society. Colossal use of fossil fuel has created noticeable pollution 
problems contributing to climate change and health hazards. Silicon based solar cells 
have dominated the market but it is cost is high due to the manufacturing process. 
Therefore, the way forward is to develop thin films solar cells using low-cost attractive 
materials, grown by cheaper, scalable and manufacturable techniques.  
The aim and objectives of this work is to develop low-cost, high efficiency solar cell 
using electrodeposition (ED) technique. The material layers include CdS and ZnTe as 
the window materials, while the absorber material is CdTe. Fabricating a suitable 
devices for solar energy conversion (i.e. glass/conducting glass/window 
material/absorber material/metal) structure. Traditional way of fabricating this structure 
is to grow window material (CdS) using chemical bath deposition (CBD) and absorber 
material (CdTe) using electrodeposition. However, CBD is a batch process and 
therefore creates large volumes of Cd-containing waste solutions each time adding high 
cost in manufacturing process. This research programme is therefore on development of 
an "All ED-solar cells" structure. 
 Material studies were carried out using photoelectrochemical (PEC) studies, UV-Vis 
spectrophotometry, X-ray diffraction (XRD), X-ray fluorescence (XRF), scanning 
electron microscopy (SEM), atomic force microscopy (AFM), Raman spectroscopy and 
X-ray photoelectron spectroscopy (XPS). Furthermore, the electrical characterisation of 
fully fabricated devices was performed using current-voltage (I-V) and capacitance-
voltage (C-V) measurements.  
This research programme has demonstrated that CdS and ZnTe window materials can 
be electrodeposited and used in thin film solar cell devices. The CdS electrolytic bath 
can be used for a period of 7 months without discarding it like in the CBD process 
which usually has life-time of 2-3 days. Further work should be carried out to increase 
the life-time of this bath, so that there can be used continuously minimising waste 
solution production in a manufacturing line. 
An efficiencies showing up to 7% was achieved for complete devices. However, the 
consistency and reproducibility remains un-resolved due to production of efficiencies 
between (2 - 7)% efficient devices varying from batch to batch. One of the reasons has 
been identified as the growth of CdS nano-rods with spacing between them. This is the 
first observation of CdS nano-rods and could open up many applications in nano-
devices area. In order to improve the consistency of the solar cell efficiency, CdS layers 
should be grown with nano-rods aligned perpendicular to the glass surface and with 
tight packing without gaps, or with uniform coverage of CdS over the conducting glass 
surface. 
The possibility of growth of CdTe absorber layers with n- and p-type electrical 
conduction using change of stoichiometry was confirmed using the results presented in 
this thesis. This is a key finding, important to form multi-layer solar cell structures in 
the future.  
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Chapter 1:   Introduction 
 
1.1 Solar Radiation 
The sun is a star with a diameter of about 1.39 × 10
8
 km and accounts for about 98.6% 
by mass of all the solar system. The mean distance of the sun from the earth is 
approximately 1.5 × 10
8
 km, and its light travels this mean distance in 8 minutes and 19 
seconds. The chemical elements primarily composing the sun‟s mass are:  hydrogen 
(about 74%) and helium (25%); the rest is made up of trace quantities of heavier 
elements [1, 2]. All life on the earth is supported by the energy received from the sun 
through solar radiation via photosynthesis and the earth‟s climate and weather derived 
from it.  
The solar energy reaching the periphery of the earth‟s atmosphere is considered to be 
constant for all practical purposes; this is called the solar constant and has the value of 
~1.353 kWm
-2
 [3]. The solar constant is estimated on the basis of the solar radiation 
received on a unit area exposed perpendicularly to the rays of the sun at an average 
distance between the sun and the earth.  
 
1.1.1 The solar spectrum 
The solar spectrum (and the electromagnetic radiation emitted by the sun) contains both 
ionizing radiation (x-rays and gamma rays) and non-ionizing radiation (UV, visible and 
Infrared).  
Figure 1.1 shows the solar radiation spectrum. Both the intensity and spectral 
distribution of the radiation arriving at the earth‟s surface depend on the composition of 
the atmosphere as well as the path length of the radiation through the atmosphere. 
Nitrogen (N2), oxygen (O2) and water are the major constituents of the present 
atmosphere. Their percentage compositions are: N2 ~78%, O2 ~21% and mineral 
constituents 1% which includes Ar (0.93%) and CO2 (0.03%) [4]. 
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Figure 1.1: Solar radiation spectrum [5]. 
 
The solar spectrum can be divided into three main regions [3]:  
1. UV region (nm) contains ~5% of the irradiance  
2. Visible region (400 nm  nm) contains ~43% of the irradiance 
3. Infrared region (nm) contains ~52% of the irradiance. 
When the sunlight passes through the atmosphere some of the radiation is reflected, 
some absorbed, and some diffusely scattered. The longer the path length of the sunlight 
through the earth‟s atmosphere, the more the sunlight is attenuated and the solar 
spectrum from the sun modified. The minimum path length will occur when the sun is 
directly overhead, and the path length increases the lower the sun is in the sky. The path 
length through the atmosphere is characterized by the term air-mass (AM). It is defined 
as the thickness of the air layer around the earth through which sunlight passes. Figure 
1.2 shows the path length of sunlight through the atmosphere down to the earth‟s 
surface. 
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Figure 1.2:  Path length of the sunlight through the atmosphere [6].  
The air-mass may also be defined as; 
Z
Z
AM 

sec
cos
1
      1.1 
where θz is the angle made between the sun and the zenith.  
The power level of the solar spectrum in outer space, where there is no absorption of the 
radiation is termed as air-mass-zero (AM0) spectrum and it is the most relevant for 
space applications. AM1.0 refers to the spectrum received on the earth‟s surface when 
the sun is directly over-head and the power incident per unit area is taken to be 925 
Wm
-2
. The AM1.5 spectrum is the most widely used terrestrial standard for evaluating 
solar cells. It is the solar spectral irradiance distribution incident at sea level from the 
sun at 48.2
o
 from the normal to the position. The total incident power for AM1.5 is 
~100 Wm
-2
.  
 
1.2 Utilization of Solar Energy 
Solar energy can be utilized in various ways either in stored energy in the forms of 
fossil fuels and nuclear power (called non-renewable energy), or directly from sources 
such as wind, tidal, photovoltaic/thermal, biomass and hydro-power (called renewable 
energy).  
(a) Non-Renewable Energy: The use of non-renewable energy sources is 
responsible for the emission of many pollutants, e.g. coal and gas-fired power stations 
release large quantities of oxides of carbon, sulphur and nitrogen into the atmosphere, 
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polluting the global environment and causing health problems. Fossil fuels are the main 
source of this non-renewable energy. They are produced from fossilized remains of 
dead plants and animals by exposure to heat and pressure in the earth‟s crust over 
hundreds of millions of years. The major fossil fuels are coal, oil and gas. 
(b) Renewable Energy: Renewable energies are clean, environmentally friendly 
and endless in supply. Among all the renewable energies, photovoltaic (PV) technology 
is the best because it converts the sun‟s rays directly into electricity without 
involvement of moving parts or emitting pollutants. It offers a clean, reliable source of 
electricity once installed.  
  
1.2.1 Types of Solar Energy Technologies 
(a) Passive solar system:  This is the process in which the sun‟s energy is converted 
directly into heat for use at the site where it is collected. Infrared radiation is absorbed 
by a surface which then heats up. This system does not require any moving parts and the 
technique is used to dry food and clothes. Sea water is also evaporated to produce salt.  
(b) Active solar system:  The process is similar to (a) above but the heat must be 
transferred from the collection area to the place of use. A pump and a system of pipes 
are required to transfer this heat. A device called a flat plate collector is used for this 
purpose. Water is circulated through tubes under a glass cover plate over a black 
background surface. The black surface absorbs the infrared radiation entering the glass 
box. The glass absorbs the longer wave radiation emitted from the black material, and 
therefore heats the circulating water in the tubes to ~(38 - 93)
o
C. An active solar system 
has moving parts; it also has operation and maintenance costs like any other heating or 
cooling system. 
(c) Photovoltaic:  A device that converts light energy directly into electrical energy 
is called a solar cell or photovoltaic cell. Light absorbing materials are required in all 
solar cells which absorb photons and generate electrons via the photovoltaic effect. PV 
modules and panels are fabricated from a collection of solar cells. When charged by the 
sun, the cell can be considered as a two terminal device which conducts like a diode in 
the dark and generates electric power. A module is a collection of cells connected in 
series and typically contains 28 to 36 cells which generate a d.c. output voltage of 
desired values (say 12 V) in standard illumination conditions. For larger current and 
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voltage output, an array can be generated by connecting the 12 V modules in parallel 
and series according to the power demanded by the application.  
 
1.3 Theory of solar cells 
 
1.3.1 Semiconductors concepts 
Materials which have a relatively small bandgap up to a few electron volts (0.40 - 4.00) 
eV in the distribution of allowed energy levels are called semiconductors. A pure 
semiconductor material become an insulator at temperature T = 0 K and in this case the 
conduction band (Ec) is completely empty and the valence band (Ev) is completely filled 
with electrons. The probability F (E) of finding an electron in energy state E
 
is given by 
Fermi-Dirac distribution relationship [7]: 
 





 


kT
EE
EF
f
exp1
1
    1.2 
where k is the Boltzmann constant, T is the absolute temperature and Ef is the Fermi 
energy level.  
 
1.3.1.1   p-n junction 
A p-n junction can be a homojunction, in which both sides of the junction are made of 
the same material, or a heterojunction, consisting of two different materials.  Free 
electrons from the n-type region and free holes from the p-type region diffuse across the 
junction when they are brought in contact. At the junction, recombination takes place 
when an electron meets a hole and as a result it becomes depleted. The diffusion of 
electrons leaves positively charged ionised donors on the n-side and on the p-side 
negatively charged ionised acceptors are left behind after the diffusion of holes. An 
internal electric field Ei is developed between these two charged layers.  Figure 1.3 (a) 
and (b) shows the schematic diagram of a simple p-n junction and its equivalent energy 
band diagram respectively. 
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Figure 1.3 (a): Schematic diagram of a p-n junction [8]. 
  
 
 
Figure 1.3 (b): Energy band diagram of a p-n junction [9]. 
 
When p-type and n-type semiconductors are in contact, three things happen: 
(a) Fermi level line up 
(b) Potential barrier (bdevelops  
(c) Internal electric field, Ei set up 
The difference in the potential energy of electrons at the two sides of the junction, the 
built-in potential, Vbi, and the width of the depletion layer, w are given by [7];  







2
ln
i
DA
bi
n
NN
q
kT
V      1.3 
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where k is the Boltzmann constant, T is the temperature, q is the magnitude of electronic 
charge, NA   is the acceptor concentration in the p-side, ND is the donor concentration in 
the n-side and ni is the intrinsic charge carrier density. 
and   
2
1
2











 
 bi
DA
DA V
NN
NN
q
w

    1.4 
where   is the semiconductor permittivity and other symbols have their usual 
meanings. 
 
When light falls on a semiconductor device, three main functions should occur in order 
to achieve higher conversion efficiencies. These are, namely: 
(a) Major parts of the solar spectrum should be absorbed, 
(b) Efficient creation of electron-hole pairs within the device, and 
(c) Charge carriers must be separated before recombination occurs and pass to the 
external circuit to create useful power. 
 
1.3.1.2   Metal-semiconductor junctions (Schottky barriers) 
When a metal with work function m and a semiconductor having a work function s 
are in intimate contact, a potential barrier develops after charge transfer occurs across 
the interface. This leads to the alignment of Fermi levels of the two materials. If the 
work function of the metal is greater than that of the semiconductor for n-type material 
(i.e. m s), the Fermi level of the semiconductor is higher than that of the metal 
before this contact is made. It is known that the current transport across the potential 
barrier at metal/semiconductor interface can occur by thermionic emission, 
recombination and generation, field emission and thermionic field emission [10]. Figure 
1.4 shows the formation of a metal/n-type semiconductor junction and its band diagram. 
The built-in potential (Vbi) and the electron barrier height bi are given by [11]; 
smbiV         1.5 
and    mbi       1.6 
where χ is the electron affinity of the semiconductor. 
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Figure 1.4: The formation of a Schottky barrier between a metal and an n-type 
semiconductor (a) before contact and (b) after an intimate contact, reproduced from 
[11]. 
 
Similarly, the reverse is the case for p-type semiconductor as shown in Figure 1.5. In 
this case (ms and the barrier height for hole transport (bp is given by, 
 
   mgbp E      1.7 
 
Figure 1.5: The formation of a Schottky barrier between a metal and a p-type 
semiconductor (a) before contact and (b) after an intimate contact, reproduced from 
[11].  
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1.4 Photovoltaic Effects 
Edmund Becquerel in 1839 [12] discovered the photovoltaic effect when he observed 
that electricity was produced when platinum electrodes immersed in acidic solution 
were illuminated. A similar effect in a selenium diode was observed by Adams and Day 
in 1873 [13]. Se and CuO based PV devices were developed and an efficiency < 1% 
[14-16] was achieved. In 1954 Chapin et al. [17] produced a crystalline silicon solar cell 
with an efficiency of 6% and this solar cell was considered for generating power. Due to 
the indirect bandgap nature of this material and it‟s relatively low bandgap value, Eg = 
1.10 eV, researchers became interested in direct bandgap semiconductor materials with 
Eg value ~1.50 eV which are close to the optimum such as GaAs [18] and CdTe [19, 
20]. 
Another device of interest in 1970s [21, 22] is the CdS/Cu2S thin film solar cell because 
of its Eg value of 1.20 eV, but the stability and degradation of these devices were found 
to be problem. This is due to the rapid diffusion of Cu through the junction structure and 
the electrochemical decomposition of Cu2S at operating voltages of higher than 0.33 V.  
A CdS/CdTe thin film solar cell was first fabricated using an evaporation technique in 
1969 by Adrirovich et al. [23] with a conversion efficiency of 1%. An efficiency of (5-
6)% was achieved at the Battle Institute in Frankfurt by Bonnet et al. in 1972 [24] using 
close space sublimation method in which a CdTe film was deposited on a CdS substrate. 
In late 1980s [25], Tyan and Perez produced a solar cell with an efficiency of 10% 
based on a CdS/CdTe thin film. Currently, CuInGaSe2 (CIGS) and CdTe are the key 
materials used for thin film solar cells. CIGS-based solar cells are currently better with 
the record efficiency of 20.3% and 15% for small scale laboratory and module 
respectively [26], whereas CdTe-based solar cells have achieved a laboratory and 
module efficiency of 17.3% and 13.4% [27]. 
 
1.4.1 Photovoltaic Technologies 
Materials that have electrical conductivities between metals and insulators are called 
semiconductors. Si and Ge are the common semiconductor materials and are called 
elemental semiconductors because they are composed of single species of atoms. Others 
are binary compounds [III-V (e.g. GaAs), II-VI (e.g. CdTe)], ternary compounds (e.g. 
InxGa(1-x)As), and quaternary compounds (e.g. CuInGaSe2). To get a good device, 
moderate doping should be used which is ~(10
14
 – 1017) cm-3 [28]; higher doping 
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produces a narrow depletion region which leads to tunnelling of electrons through the 
junction and lower doping gives a very wide depletion region in which the layer 
becomes resistive. Figure 1.6 shows the absorption coefficients of different photovoltaic 
solar energy materials [29]. 
 
 
 
 
 
 
 
 
 
Figure 1.6: Absorption coefficients of different PV solar energy materials [29]. 
 
Semiconductors can have either direct or indirect bandgaps depending on the positions 
of the valence band (VB) maximum and the conduction band (CB) minimum. Direct 
bandgap semiconductors (e.g. GaAs) can absorb light more easier because an electron in 
the VB can be promoted directly to the CB without a change in momentum. Absorption 
of the photon‟s energy takes place without any lattice interaction, and there is a sharp 
absorption band transition with relatively large values of extinction coefficient. In 
indirect bandgap semiconductors (e.g. Silicon), the CB minimum and the VB maximum 
occurs at different k vectors, and hence for an electron to move from the VB to CB a 
phonon must be involved. A momentum change (k-vector) must undergo by the electron 
as well as energy changes. Figure 1.7 (a) shows the E-k diagram of these two materials 
and (b) shows their absorption coefficient. Cost projections versus efficiency of different 
PV technologies from 2001 are shown in Figure 1.8. As the efficiency increases, and the 
cost/m
2
 decreases, the cells get closer to the „market penetration‟ value of $1/W.  
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Figure 1.7 (a): E-k diagram of direct (left) and indirect (right) bandgap 
semiconductors [11].  
 
   
 
Figure 1.7 (b):   Absorption coefficient vs. bandgap energy of Si (indirect) and GaAs 
(direct) semiconductors [29].   
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Figure 1.8:   Efficiency vs. Cost projections for different photovoltaic technologies [30]. 
N/B:  I – first generation solar cells (e.g. Si and GaAs), II – second generation solar 
cells (e.g. a-Si, CIGS and CdTe) and III – other types of solar cells (dye-sensitized solar 
cell, organic photovoltaic, multi-layers). 
 
1.4.1.1   Silicon based photovoltaic devices 
Silicon technologies are leading the PV market because Si has been studied extensively 
for the past 70 years. About 85% of the solar panels sold each year are made out of 
silicon [31]. Silicon is one of the most abundant elements in the earth's crust and 
produced from natural sand in form of silicon (IV) oxide (SiO2). About 20% of the 
earth's crust is made of silicon but today's solar cells are obtained primarily from 
purified Si produced from the microelectronic industry as a form of poly-Si and scrap 
wafers. Four main steps are required before getting the silicon solar panels which are: 
purification process from sand, wafer production, silicon solar cells and solar panel 
assembly. 
(a) Crystalline Silicon (c-Si): Two techniques are primarily used for fabricating 
this material. When a single crystal is pulled out slowly from a melt, the process is 
known as the Czochralski process. In this process, a large cylindrical single crystal is 
drawn from the melt and has a diameter of 10 - 15 cm and greater than or equal to 1 m 
in length [32]. Figure 1.19 shows a schematic diagram of the Czochralski crystal puller. 
Similarly, if it formed gradually from a polycrystalline rod after passing a molten zone 
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through it, the process is known as float zone as shown in Figure 1.20. The second 
method produces higher purity material but is considerably more expensive. Boron is 
used as a dopant to produce a p-type crystal and it is then sliced into wafers. A polishing 
process is carried out on the wafers. To get a p-n junction, phosphorous is used as n-
type dopant on the wafer. Doping process of this material can either be one of this 
techniques: vapour phase (expose to N2), solid phase (CVD of PO2) or directly by ion 
implantation. An efficiency of 27.6% and 20.0% were achieved for lab scale silicon 
devices and modules respectively [34, 35]. 
   
Figure 1.19: Schematic diagram of the Czochralski crystal puller [29].  
 
    
Figure 1.20: Principle of the float zone technique [33]. 
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(b) Multicrystalline Silicon: This material is produced by a casting process in 
which molten Si is poured into a mould. Figure 1.21 (a) shows the solidification process 
of a large block of multicrystalline Si and (b) smaller ingots [32]. The Si ingot obtained 
is sliced into wafers. Since these wafers are produced from casting process, they are not 
as efficient as c-Si due to the imperfections in crystal structure, grain boundaries and 
contamination from crucible. The current lab efficiency of multicrystalline silicon is 
about 25.0% [34].  
 
   
Figure 1.21: (a) Directional solidification of a large block of multicrystalline Si from 
a melt and (b) smaller ingots prior to slicing into multicrystalline wafers [32]. 
 
Generally, both c-Si and multicrystalline silicon have indirect bandgap and therefore 
light absorption is very weak (see section 1.4.1 for more details).  
 
(c) Amorphous Silicon (a-Si): This material is composed of randomly oriented Si 
atoms in a homogenous layer rather than a crystal structure. The absorption of light is 
higher than in c-Si, leading to a use of thin layers. For this reason a-Si is also among the 
thin film solar cells and has a direct bandgap. The film is produced by decomposition of 
silane (SiH4) and can be deposited on a wide range of substrates. Figure 1.22 shows a 
schematic of a typical RF glow discharge deposition chamber [29].  A pump controls 
the flow of silicon-containing gas (i.e. a mixture of SiH4 and H2) into the vacuum 
chamber. An RF power is applied between the two electrode plates which are installed 
in the vacuum. Plasma will be generated at a certain range of gas pressures at a given 
RF voltage across the plates. This leads to the decomposition of the gas in the chamber. 
Generation of radicals and ions occurs and thin films of hydrogenated silicon deposits 
on the substrate(s) mounted on either electrodes or both.  The growth pressure range is 
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between 0.05 and 2.00 Torr. At lower pressure the growth is not uniform and 
microcrystalline film are produced at higher pressure. RF power is in the range 10 - 100 
mW/cm
2
 and plasma maintaining is difficult below 10 mW/cm
2
. Silicon polyhydride is 
created when the pressure is greater than 100 mW/cm
2
 and the film growing is 
contaminated.  
   
Figure 1.22: Schematic of a typical RF glow discharge deposition chamber [29]. 
 
The conductivity of a-Si can be increased either by mixing some phosphine (PH3) gas 
giving n-type material or some diborane (B2H6) gas with the silane to give p-type. a-Si 
made from plasma deposition process is much superior in optoelectronic properties than 
its counterpart using evaporated silicon. This process incorporates a significant 
percentage of H2 atoms ~(20-30)% bonded into a-Si structure which help in improving 
the electronic properties and is known as hydrogenated a-Si [a-Si:H]. One of the 
disadvantages facing all a-Si based solar cells is a decline in efficiency during their first 
few hundred hours of illumination, known as Staebler-Wronski effect [36]. In order to 
reduce recombination losses, a p-i-n structure is used which consists of thin p- and n-
doped layers at the front and rear part. An intrinsic layer (i-type) is used at the centre 
which serves as the photon absorbing layer as shown in Figure 1.23 [37]. An electrical 
contact to the n-type surface can be done using Ag contact fingers by screen printing 
method. At the back p-type surface, Al paste is used to make the contact. Luque and 
Hegedus [29] reported that 30% loses of single-junction cell and 15% losses of triple-
junction modules were observed after 1000 hours of the first efficiency as shown in 
Figure 1.24. An efficiency of 12.5% was achieved for single-junction lab scale devices 
[34].        
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Figure 1.23: Schematic of a state-of-the--art p-i-n a-Si:H solar cells on a glass 
substrate [37]. 
 
 
Figure 1.24: Efficiency declination of a-Si:H-based solar cells [29]. 
 
1.4.1.2    Other type of solar cells    
(a) III-V semiconductors:   Gallium Arsenide (GaAs) is a widely researched III-V 
semiconductor and is very suitable for solar energy conversion. Other possible materials 
include Indium Phosphide (InP) and Gallium Antimonide (GaSb), and ternary alloys 
such as AlxGa(1-x)As, InxGa(1-x)As and InxGa(1-x)P. Single crystal cells from III-V‟s are 
expensive and are usually grown by MOCVD and MBE techniques. The size of the cell 
can be kept small and are suited to concentrator systems. Due to its resistance to 
degradation under radiation InP is used for solar cells for space applications. 
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GaAs is a direct bandgap semiconductor with Eg value of 1.42 eV at room temperature 
[38] and its temperature coefficient is better than Si.  It is known that as the temperature 
of solar cells increases, the efficiency tends to decrease because of increasing carrier 
recombination and the bandgap decreasing. This gives a better chance for GaAs since it 
performs well where the cell operates at higher temperature. It can be doped n-type 
during growth by introducing controlled amounts of Si to replace some Ga atoms in the 
lattice. For p-type doping, carbon is used to replace arsenic or beryllium can also use to 
replace Ga. K. Nakayama et al. [39] grew GaAs solar cell on (100) n-GaAs substrate 
using MOCVD with Zn as the p-type dopant and Si as the n-type dopant. Figure 1.25 
shows a structure of the GaAs solar cell. The efficiency of a single junction and three 
junction devices are 32.6% and 43.5% respectively [34]. 
   
Figure 1.25: A structure of the GaAs solar cell [39]. 
 
(b) Organic photovoltaic and Dye-sensitised solar cells (OPV & DSSC):   Polymers 
and dyes as the absorber materials to be used in PV devices have been under intense 
research. The cost of production of these materials compared with semiconducting thin 
films is very low.  
Conjugated polymers are typically used to develop OPV in which it acts as electron 
donors and high or low molecular organic materials as electron acceptors. Electrons are 
excited from highest occupied molecular orbital (HOMO) to the lowest unoccupied 
molecular orbital (LUMO) when subjected to illumination. The difference between the 
work function of the cathode and the anode determines the built-in electric field. Figure 
1.26 shows a schematic of PV effect in organic solar cell via donor/acceptor approach. 
The basic structure of this solar cell is shown in Figure 1.27.  The organic material layer 
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is sandwiched between two different electrodes. One is semi-transparent (ITO) in which 
the organic material is deposited directly on top while the coater electrode usually 
aluminium is on top of the organic layer.  
 
Figure 1.26: Schematic of photovoltaic effect in organic solar cell [40]. 
   
Figure 1.27: Basic structure of organic solar cell [41]. 
 
The DSSC was invented by B. O'Regan and M. Grätzel in 1991 [42]. The DSSC is 
known as Grätzel cell and in 2010 he won the Millennium Technology Prize for this 
invention. DSSC consists of photosynthetic dye and other substances. The cell structure 
comprises TCO coated with porous nanocrystalline TiO2 (nc-TiO2), dye molecules 
attached to the surface of the nc-TiO2, an electrolyte containing a reduction oxidation 
couple such as  3
1 / II and a catalyst coated counter-electrode. On the illumination, the 
cell produces voltage over and current through an external load connected to the 
electrodes as shown in Figure 1.28.  The DSSC has achieved a laboratory efficiency of 
11.1% and OPV gives 10.1% [34].   
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Figure 1.28: The basic structure of a DSSC [43]. 
 
1.5   Thin Films solar cells 
Thin Film solar cells may also be referred to as second generation solar cells. It groups 
into four which includes: a-Si, CdS/Cu2S, CdTe and CIGS. CdTe and CIGS thin films 
solar cells are currently under intense research world-wide. Of these, CIGS-based solar 
cells are currently best with a record efficiency of 20.3% and 15% for small scale 
laboratory and module respectively [26], whereas CdTe-based solar cells have achieved 
a laboratory and module efficiency of 17.3% and 13.4% [27]. Some of the advantages 
of these technologies include lower material requirements, variety of processing 
methods and lightweight modules. A thickness of ~2-4 m of thin film solar cells is 
enough for light absorption, whereas c-Si needs to be ~180-300 m thick to absorb all 
incident radiation efficiently. Due to the thinner layer produced, this leads to the faster 
processing steps and yield reducing the capital cost. 
 
1.5.1 CdTe 
CdTe thin film solar cell basically consists of two semiconducting layers. A CdS layer 
serves as the n-type window material with energy bandgap, Eg = 2.42 eV and a CdTe 
layer (absorber) deposited on top with Eg = 1.45 eV. Table 1.1 shows some properties of 
CdS window material and CdTe absorber material.  
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Table 1.1: Properties of CdS and CdTe.  
Properties CdS Ref CdTe Ref 
crystal structure Hexagonal & Cubic 44 Zinc blend (cubic) 44 
Appearance Yellow-orange 44 Grey-dark 44 
density (gcm
-3
) 4.82 44 6.2 44 
melting point (
o
C) 980 47 1092 44 
boiling point (
o
C) 1474 44 1130 44 
lattice constant (Ǻ) 4.295 47 6.481 45, 46 
thermal expansion 
coefficient at room 
temperature (K
-1
) 
4.7 × 10
-6
 45 4.9 × 10
-6
 45, 46 
thermal conductivity 
[W(cmK)
-1
] 
0.25 48 0.075 45, 46 
molar mass (gmol
-1
) 144.48 44 240.01 44 
Bandgap (eV) 2.42 28 1.45 49 
 
Cadmium sulphide (CdS) is among the binary compounds of group II-VI family and its 
thin films are widely used in various materials such as light emitting diodes (LEDs), 
solar cells, electronic and optoelectronic devices [50-52]. Various methods have been 
employed to deposit CdS thin films, the details of which are discussed in the next 
chapter. CdS, being an n-type window material, can be combined with CuInGaSe2 
(CIGS) or CdTe to form a good heterojunction. Figure 1.29 shows the atomic structure 
of CdS. 
    
Figure 1.29: Atomic structure of CdS [44]. 
 
Cadmium telluride (CdTe) thin film based PV devices is one of the most suitable 
materials for use in PV structures such as sensors, nano-devices, solar cells and other 
electronic devices [53-55]. It is one of the primary candidates in the field of PV energy 
S 
Cd 
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conversion due to its specific advantages. These include the near ideal bandgap energy 
of 1.45 eV for the achievement of the theoretical maximum photovoltaic conversion 
efficiency of 31% and a high optical absorption coefficient of over 99% of the incident 
sunlight with only about 2 µm of active thickness [56, 57]. Theoretical calculation 
shows that semiconductors with bandgap energy of 1.00 - 2.00 eV are suitable for solar 
energy conversion with an optimum bandgap value of 1.40 eV [58, 59].  CdTe films can 
be deposited using different techniques as discussed in details in the next chapter. The 
atomic structure of CdTe is shown in Figure 1.30. 
 
    
Figure 1.30: Atomic structure of CdTe [44]. 
 
The schematic diagram of the CdS/CdTe solar cell structure is shown in Figure 1.31. 
The device structure is then a simple n-p heterojunction with an ohmic contact at the p-
CdTe/metal interface. This structure is based on the Basol model who fabricated such a 
device using electrodeposited CdTe with a conversion efficiency of ~10% in 1984 [49]. 
This is illustrated in Figure 1.32 (a). 
Dharmadasa et al. in 2002 [28] proposed a new model and explained that CdS/CdTe is 
not a simple p-n heterojunction but an n-n heterojunction with a large Schottky barrier 
at the CdTe/metal interface, and also reported that there is no type conversion during 
annealing process. There are five possible Fermi level position at E1 - E5 (i.e. 0.4 - 1.18) 
eV identified below the conduction band which acts as defects on the surface and 
behave as electron traps (see Figure 1.32 (b)). 
The defect levels E1 - E4 must be identified and removed or passivated in order to 
produce a stable & efficient solar cell. The Fermi level needs to be pinned at E5 so that 
Cd 
Te 
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the largest possible Schottky barrier can be obtained, which is very important for an 
efficient solar cell. Weak band bending is obtained at the lowest barrier of 0.4 eV which 
makes the solar cell very poor.  
 
 
 
 
 
 
 
 
 
Figure 1.31:  The basic structure of the glass/TCO/CdS/CdTe/metal thin-film solar cell 
(diagram not to scale). 
 
 
Figure 1.32 (a):   Band diagram according to Basol model for CdS/CdTe solar cell [28]. 
 
+ 
               FTO (~0.5 µm) 
Light 
Metal (Au) 
                glass (~2 mm) 
CdTe (~2 µm) 
              CdS (~0.08 µm) 
- 
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Figure 1.32 (b):   Energy band diagram of an n-CdS/n-CdTe heterojunction, together 
with a large Schottky barrier at the back metal contact, based on the new model [28]. 
 
Due to the toxic nature of cadmium as an element, solar cells based on CdTe have had 
some marketing issues which later its perception changes. About ~20,000 tonnes per 
annum of Cd element are produced as a by-product of Zn and Cu mining. A large 
proportion of this Cd is used in Ni/Cd batteries, with the rest ending up in landfill, but 
its compound in the form of CdTe solar cells is very stable which locks up the Cd and 
produce clean energy. 
 
1.5.2 CIGS    
The production of CIGS solar cell needs two processes. Firstly, the elements Cu, In, Ga 
and Se are co-evaporated onto a heated substrate and secondly selenization in which 
thin layer is exposed to a Se containing gas such as H2Se or Se vapour.  CIGS has a 
high absorption coefficient,  = 105cm-1 [60], lattice constant, a = 5.78 Ǻ, density = 
5.75 gcm
-3
 [61], thermal conductivity at 273 K = 0.086 W(cmK)
-1
 and bandgap energy 
= 1.02 eV [62]. A soda-lime glass substrate is used and Mo layer is sputtered on it as a 
back contact. CIGS is deposited using co-evaporated technique follows by CdS using 
chemical bath deposition technique. A high resistance ZnO layer and a doped high-
conductivity ZnO layer are deposited, usually by sputtering or chemical vapour 
deposition. The basic structure of CIGS solar cell is shown in Figure 1.33. One of the 
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main reasons of using this materials in thin film solar cells is the bandgap tailoring from 
1.00 eV – 2.40 eV possible by changing the In/Ga and Se/S ratios [64]. 
 
   
Figure 1.33: The basic structure of the CIGS solar cell [63]. 
 
1.5.3 Multi-junction solar cells    
The absorption of light can be increased efficiently by using multi-layered cells. It is 
reported that a theoretical conversion efficiency of 86.6% [65] can be achieved using a 
multi-layer structure. Efficiencies of 32.6% and 43.5% have been achieved using two 
and three junction solar cells respectively [34]. Materials with different bandgaps are 
used, with each layer absorbing a different range of energies photon. High energy 
photons are absorbed at the front of solar cell structure which is made of wide bandgap 
energy and at the rear of this structure absorption of lower energy photons take place. 
Two ways of getting this structure are by connecting them in series or parallel as shown 
in Figure 1.34 (a) and (b) respectively [66].  
Series connection is done by making contact of the conduction band of one device and 
the valence band of the other using a tunnel-junction. One of the disadvantages of using 
this connection is a substantial recombination at the interfaces in which electron and 
hole are created and recombine again. The parallel connection gives an excellent result 
in which a large bandgap material Eg1 is used at the front of the structure and gradually 
decreases to a lower bandgap material Eg8 at the rear. High energy photons absorption 
ultra violet (UV) takes place at the front of the structure with bandgap Eg1 and the lower 
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energy photons are transmitted to the other layers in which it stop the hot-carrier 
creation, reduce recombination and generation process. The smallest bandgap material 
Eg8 at the rear of the structure absorbs the infra-red (IR) photons while the intermediate 
layers absorb the photons between UV and IR.  
 
 
 
Figure 1.34 (a): Multi-layer solar cells connected in series [66]. 
 
 
       
 
Figure 1.34 (b): Multi-layer graded bandgap solar cells connected in parallel [66]. 
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Table 1.2 shows a summary between different types of solar cells.  
Table 1.2:  Summary of different types of solar cells. 
Solar cell 
/properties 
Silicon a-Si GaAs CdTe CIGS DSSC OPV Ref. 
source SiO2 SiH4/
H2 
Ga & As Cd & 
Te 
Cu, In, 
Ga & 
Se 
dyes polym
ers 
29, 
34, 
44 
growth 
technique 
Czochr-
alski & 
float 
zone 
CVD MOCVD 
& MBE 
CSS, 
ED 
etc 
Co-
evapor-
ated 
dippi-
ng 
ther-
mal, 
CVD 
etc. 
29, 
33, 
39, 
41 
thickness 
(µm) 
~(180 -
300) 
~1.0 ~1.8 ~2.0 ~2.0 - - 29, 
44, 
56, 
63 
energy 
bandgap 
(eV)  
1.10 1.70 1.42 1.45 1.02 - - 11, 
44, 
38, 
49, 
62 
bandgap 
type 
indirect direct direct direct direct - - 29, 
11, 
44 
laboratory 
efficiency 
(%) 
27.6 12.5 32.6 
(single) 
43.5 
(triple) 
17.3 20.3 11.1 10.1 34, 
27, 
26 
module 
efficiency 
(%) 
20.0 - - 13.4 15.0 - - 44, 
27, 
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1.6  Window Materials 
The window materials used in solar cells includes CdS, CdSe, ZnS, ZnSe, ZnTe and 
ZnO. In this section, the emphasis is given to only ZnTe since it is one of the window 
material used in this thesis, while CdS has been discussed previously in section 1.5.1. 
The remaining materials will be discussed in brief.  
Zinc telluride (ZnTe) is a p-type window material with a wide and direct bandgap of 
2.21 – 2.26 eV at room temperature with electron affinity of 3.53 eV [67, 68].Thin film 
solar cells need at least two kinds of semiconducting layers; a wide bandgap window 
material and a narrow bandgap absorber material. The most common window material 
used to develop thin film solar cells based on CdTe and CuInGaSe2 absorber materials 
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is n-CdS. Due to the toxic nature of Cd- containing waste produced during growth of 
CdS using chemical bath deposition (CBD), an alternative, more environmentally 
benign window material is required.  ZnTe is an environmentally benign compound that 
can be potentially used as window layer to replace the CBD-CdS currently used. Figure 
1.35 shows the atomic structure of ZnTe. 
 
     
Figure 1.35: Atomic structure of ZnTe [44]. 
 
The development of ZnO, ZnS, ZnSe and CdSe has been reported in the literature [69 - 
72]. Table 1.3 gives the properties of these materials. 
Table 1.3: Properties of ZnO, ZnS, ZnSe, CdSe and ZnTe window materials 
Material/ 
Properties 
ZnTe ZnS ZnO CdSe ZnSe Ref 
molecular 
mass (gmol
-1
) 
193.01 99.47 81.41 191.37 144.35 44 
crystal 
structure 
zinc blend 
cubic 
zinc blend 
wurtzite 
- wurtzite  cubic 44 
appearance red crystal colourless white 
solid  
black, 
translucent 
admantive 
crystal 
light 
yellow 
solid 
44 
density  
(gcm
-3
) 
6.34 4.09 5.61 5.82 5.27 70, 44 
refractive 
index 
3.0 2.2 - 2.4 2.0 2.5 2.4 44, 73 
melting point 
(
o
C) 
1238.5 1185 1975 1268 1525 44 
bandgap (eV) 2.21 - 2.26 3.68 3.20 1.74 2.67 68-72 
 
Te 
Zn 
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1.7 Transparent Conducting Oxides (TCOs) 
Transparent Conducting Oxides (TCOs) are suitable for a great variety of applications 
due to their high transparency and near-metallic electrical conductivity. TCOs are key 
components in most optoelectronic devices.  In solar cells, TCOs are used as the current 
collector; they are applied as an n-type transparent electrical contact with a free carrier 
concentration between 10
18
 cm
-3
 and 10
20
 cm
-3
 [74, 75]. p-type TCO has also been 
reported [76] but is not highly conductive.  The bandgap energy, Eg of these oxide 
layers is in the range of 3.50 to 4.30 eV and their optical transmission is in the range of 
80 - 85% in the visible-near IR range depending on the deposition process [75, 77, 78].  
TCOs show a transparency in the visible light range from 0.40.7 m [79]. In the IR 
region, its metallic properties lead to reflection and in the UV region they become an 
absorbing layer due to excitation of electrons across the energy gap. Various methods 
have been employed to deposit TCOs which includes chemical vapour deposition, CVD 
[80], radio frequency sputtering [81], sol-gel dip-coating [82], spray pyrolysis [83], 
thermal evaporation [84], MOCVD [85] and electrostatic assisted vapour deposition 
technique [86]. Details of the working principle of some of these techniques will be 
discussed in the next chapter.  
It was reported from the literature [87] that the appropriate quantitative measure of the 
performance of TCOs is known as the figure of merit. Coutts et al. [88] reported that the 
figure of merit is independent of film thickness and larger value indicates a better 
performance. It is defined as the ratio of electrical conductivity (σ) to the visible 
absorption coefficient (α) and is given by [87]: 
     1ln  RTRs


      1.8 
where, Rs is the sheet resistance in ohms per square, T is the total visible transmission 
and R is the total visible reflectance. 
Tin oxide is used for making good electrical contact and is often doped with either 
indium or fluorine to have high conductivity, forming indium-doped tin oxide [In2O3:Sn 
(ITO)] or fluorine doped tin oxides [SnO2:F (FTO)]. Different types of TCOs have been 
reported in the literature [74, 87 - 90], but the TCOs used in this thesis are FTO (TEC-7 
& TEC-15), aluminium doped zinc oxide (ZnO:Al), i-ZnO and indium tin oxide (ITO). 
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Due to their cost and availability, the work is concentrated on FTO TEC-7. Table 1.4 
shows the properties of various TCOs used in this thesis. 
Table 1.4: Properties of various TCOs. 
TCOs d 
(µm) 
n  
(cm
-3
) 
 µ  
(cm
2
V
-1
s
-1
) 
Figure 
of merit  
(Ω-1) 
ρ (Ωcm) Rsh 
( ) 
Ref. 
ZnO:Al 0.5 4 × 10
19
 20 5 1.5 × 10
-4
 3.8 94, 87, 
91 
i-ZnO 0.7 4 × 10
20
 15 0.2 8.0 × 10
-4
 20 91, 87 
ITO 0.7 6 × 10
20
 35 4 2.0 × 10
-4
 6 91, 87 
TEC-7 0.4 8 × 10
20
 23 3 1.4 × 10
-3
 7 92, 91, 
87, 94 
TEC-15 0.5 10 × 10
20
 7.1 - - 15 92, 91, 
87, 94 
 
N/B: d is the thickness, n is the carrier concentration, µ is the carrier mobility, ρ is the 
resistivity and Rsh is the sheet resistance. 
 
1.8 Motivation, Aim and objectives 
Motivation 
Rapid growth of the world population, from 7 billion today towards 10 billion by the 
middle of the 21
st
 century, is going to drastically increase the energy demand. 
Conventional fossil fuels are getting expensive due to extraction difficulties and hence 
the world is going to face a widening gap between the supply and demand. Colossal use 
of fossil fuel has created noticeable pollution problems contributing to climate change 
and health hazards. There are two solutions to this problem; the use of conventional 
energy with improved efficiency and rapid introduction of clean energy technologies to 
the society. Photovoltaic (PV) solar energy is at the top of the renewable energy list and 
capable of providing "Energy for All". But the initial cost of the manufacturing remains 
high at present, and therefore the market penetration is slow. Therefore, the worldwide 
PV community is engaged in an active research programme to reduce this cost, in order 
to accelerate the take-up of solar energy applications in society. The motivation of this 
work is to contribute to this collective effort. 
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Aim and objectives 
The main aim of this research project is to contribute towards developing a low-cost and 
high efficiency photovoltaic solar cell. Silicon based solar cells have progressed forward 
over the past five decades and brought down the cost to about (2-3) $W
-1
 level. 
However, the further reduction is extremely slow due to the high cost of silicon 
material. Therefore, the way forward is to develop thin films solar cells using low-cost 
attractive materials, grown by cheaper, scalable and manufacturable techniques. The 
objectives include: 
 To produce solar panels costing less than 1 $W-1 to achieve grid parity. 
 To grow three alternative solar energy materials (ZnTe, CdS and CdTe) using 
electrodeposition as a growth technique. 
 To fabricate suitable devices for solar energy conversion (i.e. glass/conducting 
glass/window material/absorber material/metal structures). 
 
Summary of key findings 
This research programme has demonstrated that CdS and ZnTe window materials can 
be electrodeposited and used in thin film solar cell devices. CdS electrolytic bath can be 
used for a period of 7 months without discarding it unlike in CBD technique. Further 
work should be carried out to increase the life-time of this bath, so that these can be 
used continuously minimising waste solution production in a manufacturing line. 
The glass/conducting glass/window/absorber/metal structures were fabricated with 
efficiencies showing up to 7%. However, the consistency and reproducibility remains 
un-resolved due to production of devices with efficiencies between (2 - 7)% varying 
from batch to batch. 
One of the reasons for above observation has been identified as the growth of CdS 
nano-rods with spacing between them. This is the first observation of CdS nano-rods 
and could open up many applications in nano-devices area. In order to improve the 
consistency of the solar cell efficiency, CdS layers should be grown with nano-rods 
aligned perpendicular to the glass surface and with tight packing without gaps, or with 
uniform coverage of CdS over the conducting glass surface. 
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The possibility of growth of CdTe absorber layers with n- and p-type electrical 
conduction using change of stoichiometry was confirmed using the results presented in 
this thesis. This is a key finding, important to form multi-layer solar cell structures in 
the future.  
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Chapter 2:   Growth Techniques and Characterisation 
 
2.1 Growth Techniques 
The techniques used to grow CdTe thin films include [1]: 
(a) Vapour-phase deposition; this includes physical vapour deposition (PVD) and 
 chemical vapour deposition (CVD). 
(b) Liquid-phase or solution deposition, which includes chemical solution 
 deposition  (CSD) and electrochemical deposition (ECD). 
 
2.1.1 Physical vapour deposition (PVD) 
The PVD includes sputtering and thermal evaporation. The deposition of the material on 
the substrate is by physical means. A material to be deposited is heated above its 
melting point in an evacuated chamber, and evaporation occurs.  
 
2.1.1.1    Sputtering:    This is the process whereby atoms/molecules are ejected from a 
solid target material due to bombardment of the target by energetic particles. 
Smentkowski [2] defined sputtering as erosion of solid surfaces during ion 
bombardment. Figure 2.1 shows the schematic set-up for sputtering process.  
 
   
Figure 2.1: Schematic set-up for sputtering technique [3]. 
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An inert gas (usually argon) is introduced at low pressure into the vacuum chamber 
where the substrate and the source material are placed. The gas becomes ionized after 
gas plasma is bombarded using an RF power source. The accelerated ions move towards 
the surface of the target and cause the break off of the atoms from the source in vapour 
form which then condense on a substrate to form a film. Mandal et al. [4] have grown 
CdTe thin films by this technique. The deposition of CdS and ZnTe thin films were also 
successful as reported in the literature [5, 6]. 
 
2.1.1.2    Thermal evaporation: This is a process in which a solid material placed 
in a boat is heated to the point where it starts to evaporate and later condenses onto a 
cooler substrate to form a film. The evaporation rate depends on the crystal face from 
which evaporation takes place. The vacuum pressure is less than 10
-3
 Pa for good 
coating [7]. Figure 2.2 shows a set-up for thermal evaporation technique.  CdTe  thin 
films have been deposited by Ali et al. [8] by this method, using Cd granules and Te 
powder placed inside a boat at ~10
-6
 mbar vacuum pressure. Lee et al. [9] and Patel et 
al. [10] grew CdS and ZnTe thin films using this technique. 
 
   
Figure 2.2: Thermal evaporation technique set-up [3].  
 
2.1.2 Chemical vapour deposition (CVD) 
The CVD is also known as vapour-phase epitaxy (VPE). It involves depositing a solid 
material from a gaseous phase. The deposition must be carried out in pressure ranging 
anywhere from several atmosphere down to high vacuum [1]. At approximately ambient 
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temperature, the precursor gases are delivered into the reaction chamber and pass over 
or come in contact with a heated substrate. Choy [11] reported that, the formation of the 
stable solid is due to the dissociation and/or chemical reactions of gaseous reactants in 
activated (heat, light, plasma) environment. CVD equipment consists of three main 
components as follows:  
 chemical vapour precursor supply system 
 CVD reactor and 
 effluent gas handling system. 
Figure 2.3 shows a schematic diagram of a CVD process. A comprehensive review of 
this technique has been reported in the literature [11]. CVD technique includes Plasma 
CVD and Metal-organic CVD (MOCVD) among others. 
 
  
Figure 2.3: Schematic diagram of CVD process [11]. 
 
2.1.2.1    Metal-organic CVD (MOCVD):   An epitaxial layer is deposited using this 
technique. Organic molecules (precursors) are decomposed thereby release atoms while 
passing over the hot substrate in which the deposition occurs. The precursors are metal-
organic and are generally undergo decomposition or pyrolysis reactions. It was reported 
in the literature [11] that MOCVD reaction process is kinetically limited at deposition 
temperatures below 500
o
C. When the temperature is in the ranges (550 - 750)
o
C, 
diffusion-rate reaction is limited and at temperature of 800
o
C, the reaction is limited by 
homogenous reaction. Berrigan et al. [12] have grown both CdS and CdTe thin films by 
this technique. CdS is nucleated from dimethylcadmium and ditertiarybuttylsulphide at 
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290
o
C. CdTe deposition is from DMCd and diisoprophyltelluride at 300 - 310
o
C. ZnTe 
thin films growth by this technique has also been reported [13].   
 
2.1.3 Molecular Beam Epitaxy (MBE) 
This is a high vacuum epitaxial growth technique via the interaction of several 
molecular or atomic beams on the heated substrate surface. Epitaxial films of a wide 
variety of materials, ranging from oxides, semiconductors and metals can be deposited. 
Figure 2.4 shows a schematic front view of a basic MBE growth chamber. The source 
ovens are used to evaporate the constituent molecules or atoms and direct them to the 
substrate which is mounted on a heater block. The beams are switched on and off 
through mechanical shutters driven from outside the vacuum chamber. The system 
background pressure remains very low due to the chilled walls surrounding the source 
ovens and the substrate; this make the beams to have a single pass through the chamber 
before condensing on the walls. The reflection high energy electron diffraction 
(RHEED) gun operates without damage from corrosive reaction without residual 
vapour. This produces a high purity growing film.  
 
   
Figure 2.4: Schematic front view of a basic MBE growth chamber [14]. 
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The deposition takes place at pressure ~10
-8
 Pa in a high vacuum system. The 
deposition rate is very slow (typically < 1000 nm per hour); this gives epitaxial layers 
on the deposited substrate. Quasi-Knudsen effusion cells are used to heat the elements 
and as a result the elements sublime, to condense later on the target substrate. Two of 
the limitations on MBE growth are slow process and very expensive equipment used. 
Large area deposition is not possible. Boieriu et al. [15] have grown CdS by this 
technique using a Cd flux and a valves S cracker cell with a source temperature of 130 – 
135
o
C and a cracking zone of 500
o
C. A conventional effusion cell was used as In source 
for n-type doping. Growth temperatures between 150
o
C and 350
o
C were used and the 
pressure ranges were 6 × 10
-8
 to 1.5 × 10
-7
 Torr. The deposition growth rate was ~0.3 
nms
-1
.  
It also reported that ZnTe thin film has been deposited using this method by combining 
elemental Zn and Te (all 6N in purity) as the source materials. The base pressure of the 
growth chamber was 6.0 × 10
-10
 Torr [16]. Similarly, the deposition of CdTe using this 
technique has been reported using CdTe crystal as the source at a growth rate of 0.3 
μmh-1 [15]. 
 
2.1.4 Close Space Sublimation (CSS) 
The CSS growth technique is described as follows [17]; 
(a) Diffusion-limited transport: The deposited materials migrate to the substrate 
through the ambient gas and collide several times with gas molecules before condensing 
on the substrate. 
(b) Langmuir's theory: The deposited materials are moved directly to the substrate 
without any gas phase collision. 
The schematic diagram of the CSS system is shown in Figure 2.5 (a) and (b) shows the 
position of the source and substrate sandwiched in the growth chamber. The source and 
substrate are separated by spacers enclosed in a reaction chamber and held between two 
graphite susceptors inside a quartz reactor. The source of heating is from visible or 
infra-red lamps outside the reactor facing the blocks of graphite. A set of thermocouples 
monitored the temperature of the graphite blocks for both the source and the substrate. 
A diffusion controlled transport mechanism takes place during the temperature 
difference and the material from the source transfers to the substrate. The deposition 
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rate depends upon the source, spacing, substrate temperature and ambient gas nature. 
The material to be deposited is placed on a boat and heated by a halogen lamp ~1000 
W. This lamp is connected to the main power through temperature controller with K-
type thermocouple. The substrate is heated by a second halogen lamp ~500 W at a 
distance of 1-4 mm from the source material. Deposited material is now condensed on 
the heated substrate due to reduced temperatures.  
 
  
Figure 2.5 (a): Schematic of the CSS system [18]. 
 
       
Figure 2.5 (b): Schematic showing the source and the substrate sandwiched in 
the growth chamber [18].    
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Han et al. [19] have grown CdS thin films by this technique using CdS crystal. The 
source temperature was 680
o
C and substrate was kept at 520
o
C. CdS thin films were 
deposited in 20 minutes with a thickness ~150 nm. ZnTe thin films have been deposited 
using this technique by evaporating pure ZnTe ingots in a molybdenum boat inside a 
12-inch vacuum chamber [20]. The chamber pressure was maintained at ~10
-5
 Pa. The 
substrate temperature ranged from 300
o
C to 553
o
C and the deposition rate was 
maintained about 30 nm per min. The thickness of ZnTe film deposited ranged from 
300 – 900 nm. First solar in July 2011 [21] announce the world record CdTe thin films 
solar cells using CSS technique and devices with an efficiency of 17.3% have been 
achieved. 
 
2.1.5 Liquid-phase deposition 
This technique involve liquid medium as the means of deposition and is always present 
in ionic form. It involves inherently chemical and/or electrochemical reactions for the 
formation of the deposit material. The deposition is normally at low temperature and no 
vacuum is required. 
 
2.1.5.1    Spray pyrolysis 
In this method, a solution containing material precursor ions, in form of droplets is 
sprayed onto a heated substrate in air from the source to form a coating. The sprayed 
solution is diluted either in water or alcohol or both. The temperature of the substrate is 
at 350
o
C - 500
o
C. Figure 2.6 shows a typical spraying system [22]. The main 
components of the system are: substrate heater, temperature controller, air compressor 
and spray nozzle. The quality of the films produced by this technique depends upon 
some parameters which include the spray rate, substrate temperature, droplet size, 
cooling rate, carrier gas and ambient atmosphere.  
This is a non-vacuum technique and the deposition can be scaled up for industrial 
applications. CdS thin film can be deposited by this technique using equal 
concentrations of Cd
2+
 and S
2-
 ions [23]. The glass/FTO substrate is heated to 420
o
C 
and CdS films deposited directly on the substrate. Merchant and Cocivera [24] 
deposited ZnTe thin films using two steps spray pyrolysis. Spray pyrolysis was first 
used to form ZnO. ZnTe thin films were obtained by the reaction between Te vapour 
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and ZnO. The conductivity of the film can be p- or n-type depending on the Zn and Te 
content in the film. Similarly, CdTe thin films of thickness 1 – 4 μm have been 
deposited by this technique. The molarity of CdTe was 0.0375M and the deposition 
time was 15 – 60 minutes. The spray rates were 3 – 5 ml per min and the substrates 
temperature during this deposition ranged from 425 – 500oC [25]. 
 
    
 
Figure 2.6: Schematic set-up for spray pyrolysis technique [22]. 
 
2.1.5.2   Screen printing 
This is a technique that uses a woven mesh to support an ink-blocking stencil and 
transfers the ink or other materials pressed through the mesh as a sharp image onto a 
substrate. The active material is carried to the surface of the substrate using a paste as 
shown in Figure 2.7. The paste can be organic solvent, conducting material or glass frit 
[26]. Pressure is applied to the squeegees after the paste has been dispensed; this makes 
the screen to be in contact with the substrate. The squeegees are moved to and fro of the 
screen and releasing the paste in front of it by dragging and pressing it. The substrate 
and the screen should not be in contact, the distance separating them is called the snap-
off. 
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Arita et al. [27] have grown CdS thin film by this technique using CdS paste deposited 
on a glass substrate. The growth of CdTe thin film have also been reported [28] using a 
slurry consisting of CdTe powder, 10% wt. of CdCl2 and an appropriate amount of 
ethylene glycol.  CdCl2 was used as an adhesive and ethylene glycol as a binder. Paste 
prepared was screen printed on ultra clean glass substrate. 
 
     
 
Figure 2.7: Schematic set-up of screen printing technique [26]. 
 
2.1.5.3   Inkjet printing 
This is the technique in which tiny droplets (with a diameters in the range 50 - 100 µm) 
[29] composed of either solution or dispersion of functional materials are ejected onto 
addressable sites on a substrate. A fixed quantity of ink in chamber is ejected from a 
nozzle through a sudden, quasi-adiabatic reduction of the chamber volume via 
piezoelectric action as shown in Figure 2.8. The liquid is contracted in response to the 
application of an external voltage from a chamber. A shockwave is set up in the liquid 
upon the sudden reduction in its volume. As a result, a liquid drop is ejected from the 
nozzle. Under the action of gravity and air resistance, the ejected drop impinges on the 
substrate, spreads on the surface and dries through solvent evaporation.  
It was reported in the literature [29] that CdTe Nanocrystal polymer was grown by this 
technique using solution of CdTe NCs containing 1 wt % PVA, in which the amount of 
ethylene glycol varied from 0 - 20 vol %.  
47 
 
   
Figure 2.8: Inkjet printing set-up [30].        
           
           
2.1.5.4   Chemical Bath Deposition (CBD) 
This technique involves manipulated precipitation in which a chemical reducing agent 
in solution reduces metallic ions to the metal. One of the disadvantages of using CBD is 
sulphur and CdS precipitation in the electrolytic bath and generating of Cd-containing 
waste in the CdS deposition. Semiconductor materials such as CdS and ZnS are the 
most common materials grown using this technique. Figure 2.9 shows a typical set-up 
of CBD. Han et al. [19] have grown CdS by this technique using a liquid chemical 
solution containing 1.5×10
-3
 molL
-1
 cadmium acetate and 5×10
-2
 molL
-1
 thiourea. The 
bath temperature is ~75
o
C and pH ~11.0. Thin film CdS deposited on the substrate in 60 
minutes had thickness of approximately 150 nm. 
 
   
Figure 2.9: Typical CBD se-up [3]. 
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2.1.6 Electrodeposition (ED) 
 
2.1.6.1    Overview of electrodeposition 
The first semiconductor electrodeposited is elemental silicon by Ulik [31] using 
electrolysis containing a solution of K2SiF6 in KF. Silicon electrodeposition began in 
the 1930's after an intensive systematic research [32]. The electrochemical synthesis of 
III-V compounds started with GaP in 1968 by Cuombo and Gambino [33], a thickness 
up to 100 µm of GaP on silicon substrate was prepared. Electrodeposition of GaAs has 
been reported by DeMattei et al. [34] in 1978. An electrolyte in the form of molten salt 
solution was used which contained NaAsO2 and Ga2O3 in a B2O3-NaF solvent at 720 -
760
o
C. 
Hodes et al. [35] reported the first aqueous electrodeposition of II-VI compound 
semiconductor, CdSe on titanium substrate. The anodization of cadmium and bismuth in 
polysulphide solution produced the CdS and Bi2S3 in 1976 by Miller and Heller [36]. In 
1978, Panicker et al. [37] reported electrodeposition of CdTe from aqueous solution 
using CdSO4 and TeO2. The deposition was carried out using three electrode cell. A 
conversion efficiency of 0.4% has been achieved on electrodeposited CdTe deposited on 
titanium substrate [38]. Electrodeposition of CdS started using an aqueous solution 
containing 2Cd  and 23SO ions in 1981 [39].  
 
2.1.6.2   Electrodeposition in General   
The deposition of a substance on an electrode by the action of an external source 
(electricity) is known as electrodeposition (ED). It is carried out in an electrochemical 
cell consisting of a reaction vessel of two or three electrodes. In the two electrode cell, 
the reaction is controlled by the current applied between the working electrode and 
counter electrode. A reference electrode is used to control or measure the potential of 
the working electrode in the three electrode cell, and the deposition is carried out by 
controlling the current whilst monitoring the potential, or by controlling potential whilst 
measuring the current. Figures 2.10 (a) and (b) show typical set-ups of three and two 
electrode systems respectively. 
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Figure 2.10 (a): Typical set-up of three electrode system [40]. 
 
   
Figure 2.10 (b): A photograph of a typical two electrode set-up. 
 
An ED system consists of an electrolyte, two electrodes and a power supply (for two 
electrode system). The electrolyte must be electrically conductive and it can be aqueous, 
non-aqueous or molten and must contain suitable metal salts. The electrodes must 
consist of at least the cathode (working electrode) and anode (counter electrode). The 
counter electrode is a high purity graphite plate; the working electrode is 
Working 
electrode 
Counter 
electrode 
Hot plate 
Beaker 
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glass/conducting glass substrate where semiconductor material is deposited on. For 
three electrode system, a reference electrode is added. 
As reported in the literature [40], the use of reference electrode in electrodeposition 
such as standard calomel or Ag/AgCl may be a problem because if such ions (especially 
Ag
+
) leaks into the bath, it poisons the bath and therefore reduces the efficiencies of the 
solar cells. This result has been confirmed by Dennison [41]. For this reason, in this 
work, two electrode systems were used because of its simplicity and reduction of 
manufacturing cost.   
ED is a non-vacuum technique and it offers excellent control over the properties of the 
thin films through the influence of parameters such as deposition potential, bath 
temperature, pH, deposition time and electrolytes concentration [42]. In comparison 
with CBD, which is the other common liquid phase deposition technique, ED is more 
readily controlled and the precursor solutions are stable. ED has the additional 
advantages of very high utilization of constituent chemicals, which reduces the amount 
of Cd-containing waste generated.  Films can be deposited onto the desired area of the 
substrate and the electrolyte can be used for a long period of time. One of the main 
disadvantages of ED is that the substrate must be conductive and its sheet resistance 
must be low.  
CdTe films have been electrodeposited by BP, and CdTe solar panels were 
manufactured. The plant had eight identical reaction chambers, each tank capable of 
handling 40, 0.55 m
2
 (14" × 61") substrates or 24, 0.94 m
2
 (24" × 61") substrates [43]. 
In 2001, BP produced CdTe modules with area of 0.81 m
2
 and has conversion 
efficiency 10.7% [44].  
In general terms, the reaction in the aqueous medium involved in electrodeposition is 
governed by Faraday‟s two laws. These laws were discovered in 1843 by Michael 
Faraday [42].  
Faraday‟s 1st Law of Electrolysis: States that the mass of a substance altered at an 
electrode during electrolysis is directly proportional to the quantity of electricity 
transferred at electrode. “Quantity of electricity” refers to electrical charge, typically 
measured in Coulombs. 
Faraday‟s 2nd Law of Electrolysis: States that the masses of the different substances 
liberated in the electrolysis are proportional to their chemical equivalent weights. 
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Faraday‟s laws can be summarized as [42]: 




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
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

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z
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F
Q
m      2.1 
Equation 2.2 gives the Faraday‟s equation which is used to calculate the theoretical 
thickness of the deposited films: 
  

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


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
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nFA
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     2.2 
where m is the mass of the substance altered at an electrode, Q is the total electric 
charge passed through the substance,  F = 96,485 Cmol
-1
 is the Faraday constant, M is 
the molar mass of the substance,  is the density of the deposited film, i is the average 
current density, A is the area, T is the thickness, t is the time and z is the valence number 
of ions of the substance (electrons transferred per ion).  
The cell potential E is related to the Gibbs free energy from the thermodynamic view. It 
is the chemical potential when a system reaches equilibrium at constant temperature and 
pressure and this change in the free energy is given by [42]: 
nFEG        2.3 
where, E is the electrochemical cell potential and n is the electron number. 
The sign of ΔG gives the direction of the reaction; at positive potential, the free energy 
is negative which makes the reaction spontaneous. The free energy is positive at 
negative potential and therefore the reduction reaction must be forced. The Nernst 
equation is used to measure the potential of an electrochemical cell (E) and it provides 
information of how far from the equilibrium is the redox reaction. Equation 2.25 gives 
the Nernst equation [42]: 
  
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ar
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RT
EE o ln      2.4 
where, Eo is the standard reference potential measured against SHE, concentration 
1.0M, pressure 1 and temperature 25
o
C, R is the Gas constant, T is the temperature in K, 
n is the number of electrons, F is the Faraday‟s constant, ap is the activity of products 
and ar is the activity of reactants. 
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Electrodeposition from aqueous solution does not exceed 100
o
C because at this 
temperature the electrolyte starts to boil. The non-aqueous media such as ethylene 
glycol allow an increase in temperature ~170
o
C [45]. The deposition of CdSxSe(1-x) from 
non-aqueous solution containing CdCl2 and S in an ethylene glycol has been reported 
[45]. The temperature of the electrolytes solution reaches ~170
o
C. Similarly, Gore et al. 
[46] reported CdTe films deposition on Nickel substrate using non-aqueous solution 
containing AR-grade CdCl2, KI and TeCl4 in ethylene glycol.  The stability of the bath 
is within the temperature ranges 25 - 180
o
C. Ethylene glycol starts boiling at 
temperature greater than 180
o
C. The deposition of CdTe takes place at temperature 
~160
o
C. 
 
2.1.6.3   Theory of Electrodeposition 
(a) Cyclic Voltammogram  
This technique used to identify the regions where the deposition of thin film material 
takes place. The electrical properties of species in a solution as well as at the 
electrode/electrolyte interface can be studied using cyclic voltammogram. Figure 2.11 
show a typical cyclic voltammogram of CdTe bath containing 1.0M (3CdSO4.8H2O), 4 
ml TeO2 solution and 1000 ppm CdCl2.H2O.  Detailed explanation of this technique will 
be discussed in chapters 3, 4 and 5 for electrodeposition of CdS, ZnTe and CdTe 
respectively. 
    
Figure 2.11: Typical cyclic voltammogram for electrolytic baths used for deposition 
of CdTe. 
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Hydrogen evolution occurs at cathodic voltages above 1.20 V due to splitting of water 
molecules by hydrogen evolution which has disadvantage in one way or the other. The 
quality of the film being deposited deteriorates and sometimes falls away completely 
during vigorous H2 evolution. It is useful if not vigorous, as hydrogen passivation is 
automatically provided.     
(b) Pourbaix Diagram 
A Pourbaix diagram shows the dependence of the deposition potential on the pH value 
of an electrolyte. It is an isothermal phase diagram, which represents metal-ion-oxide 
equillibria plotted with deposition potential and pH as coordinates. Parameters that can 
be assessed using this diagram include effect of pH, oxidation potentials, corrosion etc. 
A Pourbaix diagram was used only as a guide to know exactly the stable pH of the 
CdTe bath condition. Figure 2.12 shows a Pourbaix diagram related to aqueous 
electrodeposition of CdTe thin film developed by Volushchuk et al. [47]. From the 
Figure, stability limits of solid CdTe are represented by lines 1 and 4 (lower limit) and 
5, 11 and 12 (upper limit). This shows that CdTe is thermodynamically stable in this 
region. In acidic, neutral and basic solution at potential above the lower stability limits, 
hydrogen is released at the cathode. CdTe reduces to Cd and H2Te at pH values of 2.0 
and cathodic potential greater than -1.5 V. Similarly, it corrodes to Cd
2+
 and Te at 
smaller cathodic potential less than 0.1 V.   
  
Figure 2.12: Pourbaix diagram of the CdTe-H2O system [47].  
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2.1.6.4   Equations related to deposition of CdS, ZnTe and CdTe 
(a) CdS thin films: 
CdS thin films were cathodically deposited from a solution containing Cd
2+
 and S
2-
 ions 
according to the following equations [48]: 
The cathodic reactions leading to the formation of CdS formation are; 
)(
2
)( 2 saq CdeCd 
        2.5 
OHSeHOSNa saqaqaq 2)()()(
2
32)( 32462 
   2.6 
The thiosulphate ion is: 
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2
3)()(
2
32 aqaqaq
SOSOS        2.7 
The overall electrode reaction is given by equations 2.5 and 2.7 as;  
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2
3)()(
2
3
2
)( 2 aqsaqaq SOCdSeSOCd
     2.8 
 
(b) ZnTe thin film: 
Mahalingam et al. [49] gives the following equation related to the ZnTe thin film using 
electrodeposition method as: 
ZneZn  22       2.9 
OHTeeHTeO 22 244 

    2.10 
ZnTeTeZn        2.11 
 
(c) CdTe thin film: 
The following are the equation related to CdTe thin film deposition [50]: 
Reduction of Tellurium 
OHTeeHHTeO saqaq 2
4
)()()(2
243      2.12 
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Deposition of Tellurium with the Cd
2+
 ions 
 )(
2
)()( 2 saqs CdTeeCdTe 
      2.13 
Generally, the overall cathode reaction is 
 OHCdTeeHHTeOCd saqaqaq 2)()()(2
2
)( 263 
  2.14 
Similarly, anode reaction is 
 OHeOOH 22 244 

     2.15 
Therefore, the formation of CdTe compound can be obtained from the cathode reaction. 
 
2.2 Material Characterisation 
 
2.2.1 X-ray diffraction (XRD) 
XRD is used to identify the structure and phases of a material and is a non-destructive 
technique. Other uses include determination of texture and residual stress in films. 
Wilhelm Roentgen in 1895 [51] while he was experimenting with a Crookes tube 
discovered X-rays. The scattering centres for x-rays rely on the fact that crystals are 
composed of regularly spaced atoms. X-ray waves interact with the atoms in a crystal as 
shown in Figure 2.13, in such a way as to produce interference. Diffraction will occur if 
the wavelength of the x-ray and the atomic spacing of the crystal are comparable.  
 
   
   
Figure 2.13: X-ray diffraction beam through a parallel section of crystal lattice [52]. 
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Let θ be the angle which the x-rays enters a crystal with one of these atomic planes and 
2a be the path difference between two rays. For constructive interference to occur [52];  
na 2       2.16 
From the Figure above,  
   ndda  sin2,sin    2.17 
where, n is an integer, λ is the wavelength of x-rays incident on a crystal and d is the 
distance between lattice planes. 
Equation 2.17 is known as Bragg's Law for x-ray diffraction. 
A strong diffracted beam occurs if the rays scattered by all the atoms in the planes 
interfere constructively and are in phase. Furthermore, constructive interference would 
fail if the scattering atoms were not arranged in a regular periodic manner and the 
scattered rays would have random phase.   
In a Bragg Brentano diffractometer, the x-ray intensity is measured by a scintillation 
counter which is mounted to a measuring device called a goniometer at an angle. The 
sample and the counter are both rotated (but the rotation of the counter is on the 
diffractometer circle). A practical XRD instrument comprises three main elements; an 
x-ray source, a prepared sample and a detector as shown in Figure 2.14 
 
Figure 2.14: Configuration of glancing angle diffractometer [53]. 
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All XRD spectra are presented in a log-linear form in which the horizontal 2θ axis has a 
linear scale and the vertical (count) axis uses a log scale. The diffraction peaks are 
analysed using equation 2.17 to determine the dhkl spacing of the plane causing that 
peak. The characteristics of the unit cells of each phase present in the material can be 
determined from the intensity and position of the peaks. The material can be identified 
by comparing peak positions with standard data files called Joint Committee on Powder 
Diffraction Standard (JCPDS). From the full width at half maximum (FWHM), the 
strain, grain size and lattice parameters can be calculated as follows: 
The Scherer equation is used to calculate the grain size, D [51]; 
   


cos
k
D        2.18 
where β is the full width at half maximum of the peak corrected for instrumental 
broadening, λ is the wavelength of the x-rays, θ is the Bragg angle and k is the Scherer 
constant taken to be 0.94. 
The Hull equation is used to calculate the strain (ε) and is given by [51]; 
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The lattice parameters for a hexagonal crystal can be calculated using the equation 
below [51]; 
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2.2.2 Photoelectrochemical (PEC) cell 
The conductivity type of a semiconductor can be determined using a PEC cell 
measurement. Working and counter electrodes are connected to a potentiometer and 
placed in a suitable electrolyte to form a solid/liquid junction. Once connected, the 
voltages between the two electrodes are measured under both dark and white 
illumination conditions. The difference between these two voltage values gives the open 
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circuit voltage of the liquid/solid junction or the PEC signal. The sign of the PEC signal 
determines the conductivity type of the semiconducting layer, and the magnitude of the 
signal indicates the doping concentration. A zero PEC signal is produced for both 
metallic and insulating layers and the largest PEC signal is produced by semiconductor 
with optimum doping. Figures 2.15 (a) and (b) show the band diagrams of n-type and p-
type semiconductor/liquid junctions respectively. 
(a)  
 
(b) 
Figure 2.15: Band diagrams of solid/liquid junction for (a) n-type and (b) p-type 
semiconductors [54].  
 
For n-type semiconductor, the holes move towards the surface of the semiconductor and 
the electrons move into the bulk of the material. In the case of a p-type semiconductor 
electron flow is opposite to that of a n-type semiconductor system.  
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2.2.3 Optical absorption 
Optical absorption measurements were carried out to evaluate the bandgap of the 
semiconducting materials.  The value of the bandgap indicates how the semiconducting 
layers perform as absorbers of light. The absorption coefficient, α = f(λ) is a function of 
the wavelength of the light. The bandgap energy, Eg values were derived from 
mathematical treatment of data obtained from optical absorbance versus wavelength 
with the Stern relationship [55] of near absorption edge data using; 
 
hv
Ehvk
n
g
2
      2.21 
where, ν is the frequency, h is Planck‟s constant, and n carries the value of either 1 or 4, 
(the value of n is 1 and 4 for direct and indirect transitions respectively).  
Equation (2.21) shows that α increases sharply as the energy of photons exceeds Eg, so 
that a well-defined absorption edge is expected in semiconductor materials with a direct 
bandgap. To obtain transmission spectra, the same instrument is used with the 
transmission data mode selected from the menu of the instrument. The bandgap energy 
of the semiconductor determines the percentage transmission of light of known 
wavelength, through the material.  
Figure 2.16 shows the main features of the spectrophotometer. It consists of four main 
components: (i) the light source which produces the required region of the spectrum, (ii) 
the monochromator which receives the input from the light source and outputs is 
tuneable highly monochromatic light, (iii) the sample chamber where the sample to be 
analysed was placed, and (iv) the detector [56]. 
    
Figure 2.16: The main features of a spectrophotometer
 
[56]. 
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2.2.4 Scanning Electron Microscopy (SEM) 
SEM studies were carried out to investigate the surface morphology, grain size and 
orientation of materials making up the sample. Figure 2.17 shows the schematic 
diagram of the SEM. An electron gun is used to generate a monochromatic electron 
beam which passes through the first condenser lens with condenser aperture attached. 
The aperture is used to eliminate some high angle electrons. A focussed beam is now 
generated by fine focussing using second condenser lens. A grid pattern is now 
produced by the deflection coils and scanned onto the desired area of the sample by the 
final lens. A vacuum is required in order to avoid scattering and absorption. Several 
interactions take place when the electron beam is focused on the sample surface and 
what is emitted from the surface is detected by a suitable detector. 
Chemical information about the sample may be obtained from the characteristics x-rays 
emitted from the specimen. An energy dispersive x-ray (EDX) spectrometer consists of 
a solid state x-ray detector mounted within the SEM chamber. It usually made from 
lithium-drifted silicon, Si(Li); and signal processing electronics. An x-ray energy 
histogram is displayed as a result of the signal conversion by the Si(Li) detector after 
the emitted x-rays are detected. A series of peaks representative of each element 
displayed with their relative amount and the atomic composition of the element can be 
estimated [57].   
 
Figure 2.17: Schematic diagram of SEM [53]. 
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 2.2.5 Atomic Force Microscopy (AFM) 
This technique developed in 1986 [58] and it resolve images down to a single atom and 
has a huge advantage over electron and conventional optical microscopes. It gives 2D & 
3D-images and can give a true topographic view of the sample with its vertical view. 
Figure 2.18 shows a schematic diagram of a typical AFM instrument. A micro 
fabricated cantilever is used as the probe which forces sensors placed on the sharp tip 
that is positioned on or below the sample surface. Generally, the piezoelectric actuator 
which is under computer control moves the sample very precisely while the tip is 
stationary. AFM can be operated in three modes which includes contact mode (true), 
non-contact mode and intermittent (called tapping) mode.  
(a) Contact mode:  Soft silicon nitride cantilever is typically used to probe the 
surface. Tip is kept at a fixed height at or above the surface and the cantilever 
deflection is used to generate an image. 
(b) Non-contact mode: Tip is oscillated at its resonant frequency at some small 
distance above the surface. The signal applied to the piezoelectric actuators 
needed to keep the resonant frequency constant is then used to generate a 
topographic image. 
(c) Intermittent mode: The cantilever is initially oscillated at its resonance 
frequency at amplitudes much greater than those utilized in non-contact mode. 
Tip comes in contact with the surface as it brought close to the surface and its 
amplitude is reduced. This is the preferred method of imaging when atomic 
resolution is not needed [59].   
 
 
Figure 2.18: Schematic diagram of a typical AFM instrument [59]. 
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2.2.6 X-ray Fluorescence (XRF) 
This technique involves excitation by high energy x-ray or gamma ray bombardment of 
materials, thereby creating the emission of characteristic secondary (or fluorescent) x-
rays from it. It is a destructive technique and gives the atomic percentage of the 
individual elements in the material. Figure 2.19 shows a schematic diagram of XRF 
spectrometer. When the x-rays strike the sample, diffraction occurs which later send 
through focusing slit to analysing crystal. Photons are diffracted with various 
wavelengths from the analysing crystal and collected by the detector which transfers 
them to the computer.  
 
  
Figure 2.19: Schematic diagram of XRF spectrometer [60]. 
 
2.2.7 Raman Spectroscopy 
Raman spectroscopy is a technique used to identify and provide information on 
chemical structures and physical forms from the characteristic spectral pattern (finger 
prints) of the material. In 1928, Raman and Krishnan [61] first experimentally observed 
the phenomenon of inelastic scattering of light after it was postulated by Smekal [62] in 
1923. Later on, this phenomenon was named as Raman spectroscopy.  
Raman spectroscopy relies on inelastic scattering of monochromatic light, usually from 
a laser in the visible, near IR or near UV range. Light interacts with phonons or other 
excitation in the system and as a result the incident photon‟s energy shifts up or down. 
Figure 2.20 shows the schematic diagram of a Raman spectrometer instrument. A Laser 
is focussed through a pinhole and then collected as an expanded parallel beam. The 
beam is used to collect the laser focused through a pinhole. A notch filter is used for the 
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radiation which serves as interference filters. The charged coupled device (CCD) 
detector detects the light after passing into monochromator. 
The wavenumber scale for most vibrations extends from 50 cm
-1
 to about 1800 cm
-1
 
with some molecular vibrations extending to 3500 cm
-1
. Line widths are on the order of 
1-5 cm
-1
.  
    
Figure 2.20: Schematic diagram of a Raman spectrometer instrument [63]. 
 
2.2.8 X-ray Photoelectron Spectroscopy (XPS) 
The XPS technique uses single energy x-ray photons as a source of irradiation to the 
sample and detects the photoelectrons emitted from the surface. The photoelectric effect 
is the basic principle of XPS, was first discovered by Hertz, and later K. Siegbahn 
extended it to surface analysis [64, 65]. The technique is also useful for quantitative 
analysis of surface composition. The binding energies of all elements can be detected 
except hydrogen and helium. The kinetic energy of the x-ray photons used ranges from 
300 to 1500 eV. Due to the short range of the x-ray photons, inelastic scattering is 
absent during electron travelling. 
Figure 2.21shows the schematic diagram of photoemission process used for XPS. An 
electron is emitted from the surface of the sample when a photon is absorbed. The 
kinetic energy of the emitted electron is given by [66]; 
  sBEhKE        2.22 
where, hv is the characteristics energy of the x-ray photon, BE is the binding energy of 
the core level electron and φs is the work function of the spectrometer. 
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Spectral lines or photoelectron peaks as a function of binding energy appear due to the 
electrons emitted from the sample without loss of inelastic energy. A spectral 
background also appears as a result of energy lost by the electrons. This binding energy 
of the ejected electrons is given by [66]; 
  sKEhBE        2.23 
 
Figure 2.21: Schematic diagram of photoemission process used in XPS [59]. 
 
Two different modes are used to collect the XPS data: 
(a) Wide scans or survey spectra are used to get more information about the true 
nature of the surface composition. A wide energy range, typically ~1000 eV, is 
employed. 
(b) Narrow scans with smaller energy windows are used at higher energy resolution 
to determine the chemical state of a specific element. 
 
 
2.3 Device characterisation 
 
2.3.1 Current Voltage (I-V) characteristics 
I-V measurements are the most important technique used to obtain information on the 
PV and electrical properties of the fully fabricated devices. A device is said to be ohmic 
(non-active) or rectifying (active) from the shape of the I-V characteristics. Figure 2.22 
shows a typical I-V curve under both the dark and illumination conditions. 
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Figure 2.22: A typical I-V curve measured under dark and illuminated condition [54]. 
 
Four parameters can be deduced from the I-V characteristic which includes: 
(i) Open-circuit voltage (Voc): It is the voltage obtained when the 
terminals are open and no current is flowing in the external circuit. Voc is 
obtained when current density is zero. Therefore [55]; 
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2.24 
where, n is the diode idiality factor, k is the Boltzmann constant, T is the temperature, e 
is the electron charge, Jsc is the short-circuit current density, φb is the barrier height and 
A is the diode area. 
The Voc can be increased by increasing the barrier height, minimising defects and 
reducing the temperature of the cell. 
(ii) Short-circuit current density (Jsc):    This parameter can be obtained when the 
external terminals are short circuited. The potential drop across the sample 
will be zero when the terminals are shorted. 
Jsc can be increased by reducing the grain boundaries, increasing charge carrier mobility 
(μ), maximising absorption of solar radiation, increasing the internal electric field (Ei), 
reducing recombination and generation mechanism effectively, separating electron-hole 
pairs and using graded bandgap devices.  
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(iii) Fill factor (FF): The ratio of the experimental power square and 
theoretical square is called the FF and is given by [55]: 
scoc
mm
JV
JV
FF 
     
2.25 
where, Vm is the maximum voltage and Jm is the maximum current. 
The FF can also be increased by increasing the internal electric field and minimising 
defects present in the device structure. 
Series resistance (Rs) and shunt resistance (Rsh) are the two main factors to consider for 
increasing these three parameters. The Rs must be minimised and Rsh must be 
maximised in order to improve the FF.  
(iv) Efficiency (η): The conversion efficiency is given by [55]: 
in
scoc
in
out
P
FFJV
P
P

    
2.26 
where, Pin = 100 Wm
-2
 under AM1.5 condition. 
 
Figure 2.23 shows the equivalent circuit of a solar cell which is considered as a diode 
with shallow junction depth to collect solar radiation and has Rsh in parallel in 
conjunction with Rs in series. These two resistances play crucial roles as follows: 
(a) In the ideal situation, Rsh should tend to infinity or to be finite (i.e. very large), 
when this happens it would block the leakage current. In a practical device, this 
is not the case and therefore defect levels/recombination centers reduce the value 
of Rsh within the cell. This makes the current to have an alternative less resistive 
path to flow (i.e. leakage current). The gradient of the I-V curve in the reverse 
direction gives the value of Rsh. 
(b) Rs should be zero in an ideal situation but it is the total resistance of the bulk of 
semiconductor and other interfaces. The Rs can be evaluated from the forward 
direction of the I-V curve gradient.  
67 
 
 
Figure 2.23: Equivalent circuit of a solar cell [67].  
 
Sze and Kwok state the current-voltage (I-V) relationship of a diode under dark 
condition as [55]: 

















 
 1expexp2*
nkT
eV
kT
e
TSAI b

   2.27 
where, S is the area of contact, A* is the effective Richardson constant = 12×10
4
 AKm
-2
 
and the other symbols have their usual meanings. 
Equation (2.27) can be written as: 
 











 1exp
nkT
eV
II o      2.28 
where, Io is the saturation current of the diode. 
 
The I-V relationship under illumination is given by: 
sc
sh
ss
o I
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IRV
nkT
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


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



 
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)(
exp   2.29 
For an applied voltage greater than ~0.075 V, 1exp 





nkT
eV
, Rsh → ∞ and Rs = 0, 
then equation 2.29 reduced to: 
sco I
nkT
eV
II 





 exp      2.30 
Equation 2.30 can be rearranged to get more information as follows: 
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  )(log
303.2
01010 IV
nkT
e
ILog 





    2.31  
The diode quality factor (n) and the barrier height (φb) can be deduced from the straight 
line obtained when a graph of log10(I) vs (V) is plotted. 
 The value of n for pure thermionic emission of electrons over the barrier is 1.00 and n = 
2.00 for pure recombination and generation [55]. The gradient of the curve can be used 
to calculate the diode quality factor as: 
  






nkT
e
Gradient
303.2
    2.32 
Similarly, the value of φb can be calculated from the intercept Io and is given by: 
  




 

kT
e
SATI bo

exp2     2.33 
 
2.3.2 Capacitance Voltage (C-V) measurements  
The technique used to estimate doping concentration (Nd) of the semiconductor and the 
diffusion voltage of the Schottky diode is the C-V measurement. The depletion width 
(w) and the barrier height (φb) can also be calculated. A high frequency AC signal of ~1 
MHz is used as modulation frequency for the measurement. The junction is probed by 
the AC signal which contained charges on both side and the depletion region associated 
with the device. A graph of 1/C
2
 versus V gives a straight line from which the diffusion 
voltage (Vd) can be determined from the intercept on the V-axis. A straight line graph is 
obtained if the material is uniformly doped and its gradient gives the doping 
concentration using [68]: 
)(
21
22 bi
ds
VV
eNAC










     2.34 
if NA>>ND 
where, Vbi is the built in potential, εs is the permittivity of the semiconductor and other 
symbols have their usual meanings. 
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Equation 2.35 is used to determine the φb which depends on the Vbi [68] and Figure 2.24 
shows the Schottky diode for an n-type semiconductor: 
    bib V       2.35 
where, ξ is the energy difference between Fermi level and the CB for an n-type 
semiconductor and VB for a p-type semiconductor. The value of ξ is ~0.1 eV for 
moderately doped semiconductors. 
 
 
 
 
 
 
 
Figure 2.24: Schottky diode for an n-type semiconductor, reproduced from [55]. 
 
Similarly, the depletion width can be calculated from equation 2.36 and is given by 
[55]: 
  )(
2
bi
d
so VV
eN
W 

     2.36 
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Chapter 3:   Experimental 
 
3.1 Introduction 
This chapter describes the experimental techniques used to electrodeposit two window 
materials (CdS and ZnTe) onto glass/FTO substrate and an absorber material CdTe onto 
glass/FTO/CdS substrate. Due to the peeling off of ZnTe in acidic CdS and CdTe baths, 
the complete structure of the devices is based only on glass/FTO/CdS/CdTe/Au contact. 
Prior to deposition of CdS and ZnTe, the substrates were washed thoroughly with soapy 
water, methanol, acetone, dilute HNO3 and finally rinsed in glacial acetic acid. The 
glass/FTO substrates were rinsed in de-ionized water between the different solvents, 
while only glacial acetic acid is used to clean the glass/FTO/CdS layer and rinsed in de-
ionized water prior to CdTe deposition. All chemicals used for electrodeposition were 
analytical reagent grade of purity 5N (99.999%) from Fisher Scientific Ltd., and Sigma-
Alderich, UK. Details of substrate cleaning process are discussed in the next section. 
The working and counter electrodes were held vertically using Teflon tape. 
Potentiostatic deposition in a conventional single compartment cell was carried out 
using a two-electrode set-up. The glass/FTO or glass/FTO/CdS conductive substrate 
formed the working electrode and a graphite carbon electrode as a counter electrode. A 
typical experimental set-up is shown in Figure 2.10 (b) in section 2.1.6.2 of chapter 2. 
The electrolyte was stirred constantly using a magnetic stirrer throughout deposition at 
moderate rate. The electrodeposition mechanism was studied using a cyclic 
voltammogram. Cyclic voltammetry was performed using a Gill AC computerised 
potentiostat system (S/N 1313 ACM Instruments), the details of which are discussed in 
chapters 4, 5 and 6.  
The deposited layers were rinsed with de-ionized water, dried under nitrogen air at room 
temperature and subjected for further analysis. Conductivity type, optical, structural, 
surface morphology, molecular structure, chemical composition and atomic percentage 
of the deposited films were studied using Photoelectrochemical (PEC) studies, UV-Vis 
spectrophotometer, X-ray diffraction (XRD), scanning electron microscopy (SEM)/ 
atomic force microscopy (AFM), Raman spectroscopy, X-ray photoelectron 
spectroscopy (XPS) and X-ray fluorescence (XRF) measurements respectively. 
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Furthermore, the electrical characterisation of fully fabricated devices was performed 
using current-voltage (I-V) and capacitance-voltage (C-V) measurements. 
 
3.2. Electrolyte preparation and deposition of CdS thin film 
CdCl2.H2O and Na2S2O3 were used as the source of Cd and S ions respectively. The 
electrolytic bath was a 1000 ml water-jacketed glass beaker and a 500 ml plastic beaker 
which contained the 300 ml of electrolyte (aqueous solution). The following are the 
quantity of each chemical: 
 18.126 g of CdCl2.H2O (0.3M)  
 2.234 g of Na2S2O3 (0.03M) 
The temperature of the electrolytes initially was kept at 70
o
C & pH = 5.00±0.03 and 
later reduced to 45
o
C & pH = 1.40±0.02. Deposition of CdS thin film was performed at 
this condition. 
CdS deposition starts at 70
o
C and pH = 5.00±0.03, after 20 – 30 minutes the electrolyte 
in the bath suddenly started to turn from colourless to yellow. During this growth the 
stability of the electrolyte is poor. This means that the CBD-process also takes place 
under the conditions occurring within the bath. The pH was adjusted from 5.00 – 2.50 
by adding a few drops of HCl and the temperature were reduced to 55
o
C. A set of 14 
samples of CdS layers were grown at different cathodic potentials (set 1). To maintain 
the stability of the bath, the pH and temperature were reduced to 1.4 and 46
o
C 
respectively. Another set of 21 samples were grown at different cathodic potentials (set 
2). The areas of the samples were typically in the range of 3-5 cm
2
, and the growth time 
was limited to ~2 hrs. The CdS layer thickness using this growth period was ~70±3 nm 
deduced using Faradays equation discussed in section 2.1.6.2 of chapter 2. The 
experimental conditions used for the two sets are summarized in Table 3.1. 
Table 3.1: Experimental conditions for the two set. 
Parameters/Conditions Set 1 Set 2 
pH 2.5  1.4 
CdCl2.H2O 0.3 M 0.3 M 
Na2S2O3 0.03 M 0.03 M 
Temperature (
o
C) 55 46 
Deposition Voltages (mV) 700 – 950 1300 – 1600 
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3.3 Electrolyte preparation and deposition of ZnTe thin film  
ZnTe thin films were cathodically electrodeposited onto glass/FTO substrate at ~87
o
C 
using an aqueous solution of pH = 3.50±0.02 containing 0.15M ZnSO4.7H2O, 0.5M 
Na2SO4 and 3 ml TeO2 (i.e. first set at higher Zn
2+
 concentration). The quantities of the 
chemical used are given below; 
 34.50 g of ZnSO4.7H2O (0.15M) 
 2.27 g of Na2SO4 (0.5M) 
 0.5 g of TeO2 in 100 ml de-ionized water 
A second set of films was grown with lower Zn
2+
 concentrations as follows: 
  5.75 g of ZnSO4.7H2O (0.02M) 
 2.27 g of Na2SO4 (0.5M) 
 0.5 g of TeO2 in 100 ml de-ionized water 
ZnSO4.7H2O and Na2SO4 were dissolved in 800 ml of de-ionized water to make the 
electrolyte. Similarly, 3 ml of TeO2 was added into the electrolyte. ZnTe thin film 
deposition was performed at this condition.  
Two set of ZnTe layers were deposited at lower and higher concentration of Zn
2+
 (i.e. 
0.02M and 0.15M) respectively, while other condition remains the same. The thickness 
of ZnTe layers after 60 minutes of growth was ~70±3 nm (measured using the Dektak 
technique). The theoretical estimate using Faraday‟s relation given using equation 2.2 
on section 2.1.6.2 in chapter 2, predicted a value of ~65±3 nm.  
 
3.4 Electrolyte preparation and deposition of CdTe thin film 
CdTe thin films were cathodically electrodeposited onto glass/FTO/CdS substrates at 
~85C using an aqueous solution (pH = 2.00 ± 0.02) containing 1.0M CdSO4 which has 
99.8% purity. Initially, the electrolyte containing only the Cd source was electro-
purified for ~100 hrs to remove any source of impurity. 4 ml of TeO2 solution and 1000 
ppm of CdCl2.H2O were then added into the bath. The following are the quantities of 
the chemicals used: 
 208.46 g of CdSO4 (1.0M) 
 0.5 g of TeO2 in 100 ml de-ionized water 
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 0.208 g of CdCl2.H2O 
800 ml of de-ionized water was used to dissolve CdCl2.H2O and CdSO4 which make the 
electrolyte. Furthermore, 4 ml of TeO2 was added into the electrolyte. Deposition of 
CdTe thin film was performed at this condition. CdTe films of ~1.2±0.01 μm thick were 
deposited in about 5 hrs using Faradays equation discussed in section 2.1.6.2 of chapter 
2 while the solution is moderately stirred continuously.  
 
3.5 Chemicals used to clean the substrates  
(a) Methanol: It is a highly polar organic solvent which is capable of dissolving 
most organic compounds such as finger print, dirt and so on but is not volatile. 
(b) Acetone: This is also a polar organic solvent and can dissolve many solvent 
but is volatile. 
(c) Dilute Nitric acid: It can dissolve any inorganic substance which may not be 
soluble in organic solvents (e.g. methanol and acetone). 
(d) Acetic acid: It is a polar solvent and weak acid, used at the end of the cleaning 
process to improve adhesion. 
 
3.6 Material characterisation 
The techniques used to characterise the deposited films include photoelectrochemical 
(PEC) studies, optical absorption, X-ray diffraction (XRD), X-ray fluorescence (XRF), 
scanning electron microscopy (SEM), atomic force microscopy (AFM), Raman 
spectroscopy and X-ray photoelectron spectroscopy (XPS). Details of these techniques 
have been discussed in section 2.2 of chapter 2. In this section, only the equipment 
model is stated.  
(a) X-ray diffraction (XRD):   All XRD analysis data were obtained using a Philips 
PW 3710 x-ray diffractometer using CuKα radiation (λ = 1.5416 Å) in the range of 2θ = 
(10 - 70)
o
 for structural analysis of the deposited film. The x-ray generator tension and 
current were 40 kV and 40 mA respectively. 
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(b) Photoelectrochemical (PEC) studies:   0.1M of Na2S2O3 is used as the electrolyte 
solution in the PEC measurements reported in this thesis. PEC equipment used includes 
DC power source and DC voltmeter. 
(c) Scanning electron microscopy (SEM):   A Philips XL 30 ESEM-Field Emission 
Gun with accelerating voltage of 20 kV was used to study the surface morphology of 
the thin film layers using secondary electron to form the image. 
(d) Raman spectroscopy:   Raman spectra of the samples were recorded using a 
Raman spectrometer (RENISHAW InVia Raman Microscope) with Ar
+
 laser having 
wavelength 514 nm and 15 mW as the power source. 
(e) Optical absorption:   A Cary 50 Scan UV-Visible spectrometer (Varian) was 
used for the bandgap measurements. 
(f) X-ray fluorescence (XRF):   The XRF measurements were carried out using a 
Philips Magix PRO PW 2440 sequential x-ray fluorescent spectrometer. 
(g) Atomic force microscopy (AFM):   AFM measurement was carried out using 
AFM JOEL-5200 for 2D and 3D images.  
(h) X-ray photoelectron spectroscopy (XPS):   XPS studies have been performed 
using an Escalab 250 spectrometer with a monochromatized Al anode x-ray source (hv 
= 1486.6 eV). The binding energies obtained from the XPS analysis were standardized 
for specimen charging using C 1s as the reference at 284.5 eV. 
 
3.7 Solar cell completion 
The complete solar cell structure (glass/TCO/CdS/CdTe/Au contact) is shown in Figure 
1.31 in section 1.5.1 of chapter 1. The role of each layer has already been discussed in 
that section. Similarly, the roles of TCOs have been discussed in details in section 1.7 of 
the same chapter. The back contact (metal contact) is the remaining part to be explained 
in details in this section. The following processes were carried out before making the 
back contact. 
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3.7.1 CdCl2/heat treatment 
CdCl2/heat treatment is necessary on deposited layers before their use in active PV solar 
cells. This treatment provides interfacial intermixing and device activation. The grains 
of as deposited samples are disconnected and have a high defect density which limits 
the efficiency of the solar cells. Heat treatment removes and eliminates these defects 
and increases the grains to become very large. Samples are heated rapidly and cooled 
down slowly allowing optimum grain growth during recrystallisation, and therefore 
improve the overall efficiency of the solar cells. Many researchers in the field [1-4] 
have reported that, during this treatment chlorine helps the n-type doping, reduce the 
series resistance and improve the FF. Another benefit mentioned is the cementing effect 
of chlorine to form larger grains.  
Some of the methods used for this treatment includes: vapour [5], evaporated [6] and 
solution [7] CdCl2 treatments. Kampmann et al. [8] reported that solution CdCl2 
treatment is the most common and simple process which involves soaking the deposited 
films in methanol containing dissolved CdCl2 powder, drying and then heat treatment. 
Heat treatment was carried out using CARBOLITE furnace model: ELF 11/6B. The 
temperature used for CdS, ZnTe and CdTe films were 400
o
C for 20 minutes, 300
o
C for 
10 minutes and 450
o
C for 15 minutes respectively. 
 
3.7.2 Surface etching 
The samples were washed with de-ionized water after heat treatment and then etched in 
oxidizing and reducing etchants. Table 3.2 shows the etchant composition and etching 
times.  
Table 3.2: Etchant composition. 
Etchants Etchant composition Etching time  
Oxidizing 
etch 
0.03 g K2Cr2O7 + 2 drops of concentrated H2SO4 
dissolve in 20 ml de-ionized water 
5 seconds 
Reducing 
etch 
2 pellets each of NaOH + Na2S2O3 dissolve in 20 ml 
de-ionized water + heat at ~50
o
C  
2 minutes 
 
It was reported in the literature [9] that acidic etching preferentially removes the 
cadmium and makes the surface to be Te-rich, while Cd-rich surface is obtained after 
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basic etching.  To produce high quality Schottky barriers at metal/n-CdTe interfaces the 
CdTe surface must be rich in cadmium.  
 
3.7.3 Formation of back metal contact 
Samples were transferred quickly after etching to an EDWARD Auto 306 coater NXN 
532000 metalliser which has both rotary and diffusion pumps. A shadow mask with 
holes of 2.0 mm in diameter was used to load the sample and mounted in the vacuum 
chamber. Gold (Au) loaded tungsten filament was used to evaporate gold contacts at a 
pressure of ~10
-6
 mbar. A thickness of ~20 nm was measured by quartz thickness 
monitor. These completed the glass/TCO/CdS/CdTe/Au structures.  Figure 3.1 shows 
the photograph of an EDWARD metalliser used in this device fabrication.  
 
      
 
Figure 3.1: A photograph of an EDWARD metalliser. 
 
3.8 Current-Voltage (I-V) measurement 
I-V measurement is used to obtain information on the photovoltaic and electrical 
properties of the fully fabricated devices. A Keithly 280 programmable voltage source 
and a Keithly 619 Electrometer/Multimeter were used for I-V measurements. It is 
contained in a box and has a solar simulator in which solar cell I-V characteristics were 
Menu 
Tungsten 
filament 
Sample 
holder 
Metalliser 
controller 
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obtained. A 250 W tungsten-halogen source was illuminated and adjusted to give 100 
mWcm
-2
. A standard Si-solar cell was used as a reference for calibration. 
Micropositioned probes were used to make contact to the sample at the front (TCO) and 
back (metal). A general purpose interface board (GPIB) link attached to the system 
which was under computer control collected and stored the relevant I-V characteristics 
automatically. From the dark I-V measurement the following parameters can be 
deduced: barrier height (φb), diode idiality factor (n) and rectification factor (RF). 
Figure 3.2 shows the photograph of the I-V system set-up.  
 
        
 
Figure 3.2: A photograph of the I-V system.  
 
 
 
 
 
 
 
 
Front contact 
to TCO 
Back metal 
contact 
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Chapter 4:   Electrodeposition of CdS (Window material-1) 
 
4.1 Motivation and objectives 
The aim of this chapter is to reduce the amount/quantity of toxic Cd-containing waste 
produced during growth of CdS using chemical bath deposition (CBD). In the CBD 
process, the chemical reaction takes place within a few minutes and CdS particles 
deposit on all surfaces and in the solution. Therefore the Cd-containing electrolytes 
should be discarded and need a replacement. Growth of CdS thin films using 
electrodeposition gives an alternative and the electrolytic bath can be used for a long 
periods without discarding it unlike in CBD technique.  
 
4.2 Introduction 
Cadmium sulphide (CdS) is among the binary compounds of group II-VI family and has 
a direct bandgap of 2.42 eV at room temperature. CdS, being an n-type window 
material, can be combined with CuInGaSe2 (CIGS) or CdTe to form a good 
heterojunction. CIGS-based solar cells are currently leading with the record efficiency 
of 20.3% [1], whereas CdTe-based solar cells have achieved 17.3% [2] for small scale 
laboratory devices to date. 
Electrodeposition is a non-vacuum technique and it offers excellent control over the 
properties of the thin films through the influence of parameters such as deposition 
potential, bath temperature, time, pH and concentration of ions [3]. Details of the 
deposition of CdS thin film have been discussed in section 3.2 of chapter 3. 
 
4.3 Linear sweep voltammogram 
A typical cyclic voltammogram related to the electrodeposition of CdS thin films is 
shown in Figure 4.1. The formation of the CdS compound takes place beyond 1200 mV 
cathodic voltage as can be seen from the Figure. In the reverse direction, a small peak 
was observed which attributed to the removal of cadmium around 1150 mV.  
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Figure 4.1: A typical voltammogram for an electrolytic bath used for deposition of 
ED-CdS. 
 
4.4 Visual Appearance 
The visual appearance of 14 ED-CdS layers (set 1) deposited as a function of growth 
voltage is shown in Figure 4.2.  From the figure  it is observed that at higher cathodic 
potential i.e. 950 mV the sample was very dark in colour with poor adherence to the 
substrate which indicate a Cd- rich film and at lower cathodic potential i.e. 700 mV the 
sample was slightly yellow in colour which indicate S-richness. The samples grown at 
950 mV and 700 mV cannot give the actual requirement of CdS analysis because of the 
Cd and S richness. In the intermediate voltages, the layers appear orange-yellow, similar 
to that of bulk CdS material.  
   
    700         720            740 760   780  800     810 mV      
   
820      830          840         852 872 925 950 mV 
Figure 4.2: The appearance of as deposited ED-CdS layers (set 1) grown on 
glass/FTO substrate at different growth voltages. 
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Figure 4.3 shows another set of 21 ED-CdS layers (set 2) grown at different cathodic 
voltages. As the pH decreased, the cathodic voltage shifted upwards. It is observed from 
the Figure; the highest and lowest cathodic voltages were 1600 mV and 1300 mV as 
against 950 mV and 700 mV for set 1 respectively. The deposited layers require heat 
treatment at 400
o
C for 20 minutes in air before their use in active photovoltaic solar 
cells. After heat treatment, the darker samples in both sets become orange-yellow and 
attain a higher degree of transparency indicating two possible occurrences. One 
possibility is the chemical reaction between elemental Cd and S present in the layer 
forming more CdS. Another explanation is that the elemental Cd in the film indicated 
by the initial dark colour, and oxidises to form CdO during heat treatment. The bandgap 
values reported for CdO showing semiconducting properties from the scientific 
literature are 2.28 eV [4], 2.20 eV [5] and 2.45 eV [6]. The average bandgap of CdO is 
very similar to that of CdS, and therefore, these electrodeposited and heat treated layers 
must contain a mixture of CdS and CdO compounds.     
 
  
  1600      1500          1470 1460    1450          1445 1440 mV      
  
 1420        1410         1400 1390      1385           1380  1375 mV 
  
 1370         1368           1365    1360          1355 1350   1300 mV 
 
Figure 4.3: The appearance of as deposited ED-CdS layers (set 2) grown on 
glass/FTO substrate at different growth voltages. 
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4.5 Characterisation of Electrodeposited CdS  
 
4.5.1 X-ray diffraction 
To identify different phases present and study the bulk structure of the layers, sample 
which showed orange-yellow colour grown at 1500 mV was selected for XRD 
measurement. The XRD used CuKα radiation (λ = 1.5418 Å) in the range of 2θ = (20 – 
50)
o
. Figure 4.4 shows the XRD diffractogram obtained for glass/FTO substrate, as 
deposited and heat treated CdS. From the Figure, the results show that the films have 
highly oriented crystallites with the hexagonal structure (Wurtzite type) with 
preferential orientation along the c-axis {(101) direction} with diffraction peaks 
producing d = 3.160 Å perpendicular to the substrate plane with low intensity of (102) 
and (103) peaks. Other peaks identified from the diffractogram are (100) and (110), as 
reported by most of the researchers in the field [7-10]. These peaks were assigned 
according to the Joint Committee on Powder Diffraction Standards, JCPDS (00-001-
0780) data on hexagonal CdS. 
    
Figure 4.4: X-ray diffraction patterns of ED-CdS thin films grown at 1500 mV (a) as 
deposited and (b) heat treated. 
 
After heat treatment in air at 400
o
C for 20 minutes, the intensity of all the peaks 
increases and sharpens which indicates the formation of large grains and the 
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improvement of bulk crystalline properties. The heat treatment enhances the 
recrystallisation of CdS films reducing any stress within the films. The values of d, D 
and FWHM are presented in Table 4.1 using equation 2.17 and 2.18 from section 2.2.1 
in chapter 2. 
Table 4.1: Structural parameters of ED-CdS thin films grown at 1500 mV. 
 2θ (Degrees) Lattice spacing 
d (Å) 
Crystallite 
size D 
(nm) 
FWHM hkl 
RP OB RP OB 
AD 24.993 24.962 3.560 3.592 80.0 0.015 100 
HT 24.993 24.962 3.560 3.572 95.0 0.012 100 
AD 28.401 28.367 3.140 3.160 51.5 0.030 101 
HT 28.401 28.367 3.140 3.150 85.0 0.015 101 
AD 43.694 43.801 2.070 2.085 26.9 0.060 110 
HT 43.694 43.801 2.070 2.078 36.3 0.045 110 
 
N/B: RP – reported values, OB – observed from the XRD, AD – as deposited and  
HT – heat treated. 
From the Table, it is observed that crystallite size for heat treated sample increases and 
the FWHM decreases; this is due to the coalescence of small crystals and the formation 
of large grains. A further decrease in the lattice spacing is observed for the heat treated 
sample. The observed lower value of d for heat treated sample is an evidence of stress 
release after the heat treatment. Similarly, the same trend is observed for FWHM. 
 
4.5.2 Photoelectrochemical (PEC) cell 
The Photoelectrochemical cell values for as deposited and heat treated ED-CdS samples 
(set 1) grown at 14 different growth voltages from one bath are shown in Table 4.2. 
Table 4.2:   PEC cell results for as deposited and heat treated ED-CdS (set 1). 
S/N Growth Voltages, 
Vg (mV) 
PEC Signal for as 
deposited ED-CdS (mV) 
PEC Signal for heat 
treated ED-CdS (mV) 
1 700 -60 -126 
2 720 -68 -131 
3 740 -63 -102 
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4 760 -86 -128 
5 780 -72 -81 
6 800 -60 -153 
7 810 -71 -110 
8 820 -104 -120 
9 830 -83 -131 
10 840 -104 -115 
11 852 -67 -143 
12 875 -30 -25 
13 925 -25 -92 
14 950 -5 -77 
 
From the above Table, the polarities of the PEC signal were all negative which indicates 
n-type electrical conduction. The electrical conductivity type of the deposited layers 
were all n-type and the largest PEC signal arises because of the formation of PV active 
depletion region at the CdS/electrolyte interface as a result of moderate doping in the 
range ~10
14
-10
17
 cm
-3
. The signal close to zero indicates a very thin or non-existent 
depletion region either due to heavy doping greater than 10
18
 cm
-3
 or due to an 
insulating material. After heat treatment, the material layers show an enhanced PEC 
signal, indicating improved optical properties. Figure 4.6 (a) and (b) shows the PEC 
signals for set1 of the CdS film, both as deposited and after heat treatment CdS layers at 
400
o
C for 20 minutes in air.  
 
Figure 4.6: PEC signal as a function of growth voltage for (a) as deposited and (b) 
heat treated ED-CdS layers (set 1) grown on glass/FTO substrates. 
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4.5.3 Optical absorption 
The graphs of optical absorption for as deposited and heat treated ED-CdS of some 
selected samples (set 1 and 2) are shown in Figures 4.7 and 4.8. The values of Eg were 
determined by plotting the square of absorption (A
2
) against photon energy (hv). From 
Figure 4.7, the best growth voltages for as deposited and heat treated sample (set 1) are 
852 mV and 925 mV respectively. Similarly, for the second set Figures 4.8 the growth 
voltages were shifted up due to the low pH and the best growth voltage is 1500 mV 
after the heat treatment.  
From the graphs shown in Figure 4.7, it is observed that the sample grown at the 
cathodic voltage 925 mV as deposited produced close to 0.0 eV bandgap. This is 
expected because this is Cd-rich surface and possesses the bandgap of the metal which 
is zero. After heat treatment at 400
o
C in air for 20 minutes, the bandgap decreased to 
2.42 eV which agrees with the theoretical value of CdS thin films [7-10]. However, the 
sample grown at 852 mV has a bandgap 2.42 eV as grown that decreases to 2.25 eV 
after heat treatment. The same trends were observed for the second set of the samples. 
 
 
 
Figure 4.7: Optical absorption curves [set 1] for (a) as deposited and (b) heat treated 
ED-CdS grown at different voltages on glass/FTO substrates.  
Energy (eV) Energy (eV) 
91 
 
 
 
Figure 4.8: Optical absorption curves [set 2] for (a) as deposited and (b) heat treated 
ED-CdS grown at different voltages on glass/FTO substrates.  
 
Therefore, heat treatment is a vital step, similar to the growth process. Samples are 
heated rapidly and cooled down slowly allowing optimum grain growth during 
recrystallisation, and therefore improve the overall efficiency of the solar cells. Table 
4.3 below shows the growth voltages and bandgaps for as deposited and heat treated 
samples (set 1and 2). Figures 4.9 and 4.10 are the graphs for the bandgaps against the 
growth voltages for the two sets of ED-CdS samples grown. 
Table 4.3:   Growth voltages and bandgaps for as deposited and heat treated ED-CdS. 
Set 1 Set 2 
Growth 
Voltage 
(mV) 
Eg (eV) for 
AD-CdS 
Eg (eV) for 
HT-CdS 
Growth 
Voltage 
(mV) 
Eg (eV) for 
AD-CdS 
Eg (eV) for 
HT-CdS 
720 2.47 2.23 1300 2.40 1.80 
740 2.44 2.30 1370 2.52 2.49 
800 2.45 2.32 1440 2.52 2.48 
852 2.42 2.23 1450 2.53 2.45 
925 0 2.42 1500 2.34 2.42 
 
Energy (eV) Energy (eV) 
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Figure 4.9: Bandgap as a function of growth voltages for (a) as deposited and (b) 
heat treated CdS layers (set 1) grown on glass/FTO substrate. 
 
 
Figure 4.10: Bandgap as a function of growth voltages for (a) as deposited and (b) 
heat treated CdS layers (set 2) grown on glass/FTO substrate. 
 
From the Table above, it is observed that the bandgaps of most as-deposited samples 
decreased after heat treatment for both sets. Similarly, the bandgaps for darker samples 
of both sets (925 mV and 1500 mV) were shifted up to give the required value of 2.42 
eV. This confirmed that heat treatment is a crucial issue in the process of thin films 
devices.   
 
4.5.4 Scanning Electron Microscopy  
SEM studies were carried out to investigate the surface morphology, grain size and 
uniformity of ED-CdS layers. Secondary electron micrographs of as deposited and heat 
treated samples grown at 1500 mV are shown in Figure 4.11. The material clusters are 
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in the nanoscale range with an average size of ~60 nm. These grains seem to be isolated 
from each other with gaps in between, and there is no apparent change in morphology or 
material cluster size observed after heat treatment. From the Figure, the SEM images 
show gaps or pin holes between the grains which indicates the growth of CdS as islands. 
Therefore, it is possible during CdTe growth; some CdTe layers grow on the FTO while 
others are on the CdS film. This creates some gaps or pin holes and when contacts are 
made with Au for complete devices it will provide shorting paths making devices low in 
efficiency. 
 
     
 
Figure 4.11: SEM images of ED-CdS grown at 1500 mV on glass/FTO substrate (a) 
as deposited and (b) heat treated.   
 
4.5.5 Energy Dispersive X-ray 
The qualitative analysis of the ED-CdS layers was carried out by using energy 
dispersive x-ray (EDX) spectroscopy on both as deposited and heat treated films. Figure 
4.12 shows the EDX spectrum of ED-CdS layers grown at 1500 mV. From the Figure 
both Cd and S are present and the remaining elements identified are due to the 
background of the glass/FTO substrate. The atomic composition ratio estimated from 
the spectra of Cd:S is 56:44. 
 
 
 
 
(b) (a) 
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Figure 4.12: EDX spectrum of ED-CdS grown at 1500 mV on glass/FTO substrate (a) 
as deposited and (b) heat treated.  
 
4.5.6 Atomic Force Microscopy 
Figure 4.13 show 2-D AFM pictures of heat treated ED-CdS grown at 1500 mV on 
glass/FTO substrates. The AFM images show large clusters of CdS with cauliflower-
like features which indicate the uniform distribution of grain size and columnar growth.   
 
 
Figure 4.13: 2D-AFM image of ED-CdS grown at 1500 mV on glass/FTO substrate 
(courtesy: Inst. of Org. Catalysis & Electrochem., Kazakhstan). 
 
The 3D-AFM picture of ED-CdS is shown in Figure 3.14. From the Figure, CdS 
fabricated have highly ordered and densely packed nano-rod arrays oriented 
perpendicular to the glass/FTO substrates and grow upwards after nucleation on the 
FTO surface. There are many empty spaces between nano-rods; these observations are 
consistent with the SEM results shown in Figure 4.11. The 3D-AFM reveals the 
existence of tightly packed nano-rods with length equal to ~70 nm (thickness of the CdS 
(a) (b) 
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layer) and diameter of ~40 nm. The presence of nano-rods provides advantages because 
of band bending due to enhanced surfaces and hence creating an additional internal 
electric field perpendicular to their axis. It also minimises recombination of electrons 
and holes in which the electrons flow along the axis of the nano-rod and holes could 
flow in the opposite direction along the vicinity of the surface layer of the nano-rod.  
 
 
 
Figure 4.14: 3D-AFM image of ED-CdS grown at 1500 mV on glass/FTO substrate 
(courtesy: Inst. of Org. Catalysis & Electrochem., Kazakhstan).  
  
The SEM cross-section of ED-CdS is shown in Figure 4.15, with its thickness of ~60 
nm. According to [11], CdS layer of ~90 nm can absorb about 63% of the incident 
radiation with photon energy greater than the bandgap energy. 
 
Figure 4.15: SEM cross-section of ED-CdS grown at 1500 mV on glass/FTO 
substrate. 
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4.5.7 X-ray Fluorescence (XRF) 
The stoichiometry of the ED-CdS layers was investigated using XRF in order to 
correlate the material and atomic percentages of individual elements. Figure 4.16 shows 
the XRF analysis for both as deposited and heat treated CdS layers. From the Figure, at 
low cathodic voltages, S deposits preferentially and Cd deposition increases as the 
cathodic voltage is increased. At voltages close to 1590 mV, the material becomes 
stoichiometric, reaching 50 atom% for both materials. Table 4.4 shows the atomic 
percentage of S and Cd for individual growth voltages for as deposited and heat treated 
ED-CdS (set 2) samples. 
 
  
 
Figure 4.16: XRF analysis showing the atomic percentages of Cd and S for (a) as 
deposited and (b) heat treated ED-CdS layers grown on glass/FTO substrates. 
 
Table 4.4: Atomic percentages of Cd and S for as deposited and heat treated ED-
CdS layers as a function of growth voltage. 
Growth voltage 
(mV) 
AS deposited Heat treated 
Atom% Cd Atom% S Atom% Cd Atom% S 
1300 12.65 87.35 13.81 86.19 
1350 36.13 63.87 42.12 57.88 
1360 34.20 65.80 38.93 61.07 
1370 37.46 62.54 42.06 57.94 
1380 36.10 63.90 42.02 57.98 
1390 39.52 60.48 44.86 55.14 
1400 36.26 63.74 42.12 57.88 
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1410 32.18 67.82 43.17 56.83 
1440 40.06 59.94 46.38 53.62 
1450 43.37 56.63 45.26 54.74 
1470 42.29 57.71 46.78 53.22 
1490 43.81 56.19 47.15 52.85 
1530 44.72 55.28 47.38 52.62 
1600 45.90 54.10 48.67 51.33 
 
 
4.5.8 Raman spectroscopy 
The Raman spectra of ED-CdS were recorded using (RENISHAW InVia Raman 
Microscope). This technique gives information about the molecular structure of the 
material. The Raman spectra of bulk CdS and nano-particle CdS are shown in Figure 
4.17 for comparison [12]. Figure 4.18 shows the Raman spectra of ED-CdS layers 
grown at 1500 mV on glass/FTO substrate. Two peaks were observed at 303 cm
-1
 and 
608 cm
-1
 which correspond to the first and second order longitudinal optical phonons 
(1LO) and (2LO) respectively. It was reported by most of the researchers that the 1LO 
is between 300-305 cm
-1
 and the 2LO is in the range 600-606 cm
-1 
[13-15]. Froment et 
al. [16] reported that for single crystal CdS bulk, the 1LO peak position and FWHM are 
typically 305 cm
-1
 and 9-10 cm
-1
 respectively. The FWHM of the 1LO calculated from 
this spectrum is 19 cm
-1
, this increase may be due to the grain size effect (i.e. effect of 
finite size on vibrational properties in small crystallites [17].  
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Figure 4.17: Raman spectra of CdS Bulk and nanoparticles [12]. 
           
Figure 4.18: Raman spectra of ED-CdS grown at 1500 mV on glass/FTO substrate 
(courtesy: Inst. of Mater. Research, Univ. of Leeds). 
 
4.5.9 X-ray photoelectron spectroscopy (XPS) 
This technique gives both quantitative and qualitative analysis of surface chemical 
states. The XPS spectrum of vacuum cleaved CdS is shown in Figure 4.19 together with 
spectrum obtained for an ED-CdS layer grown at 1500 mV in Figure 4.20 for 
comparison.  The two XPS spectra reveals that electrodeposited CdTe has a similar 
spectrum to that of a clean cleaved CdTe except for the additional presence of C and O 
peaks which may be due to surface contamination. 
From Figure 4.20, two distinct Cd 3d peaks (i.e. 3d5/2 and 3d3/2) are observed and 
presented more clearly in Figure 4.21. The binding energies associated with Cd (3d5/2 
and 3d3/2) appeared at ~405.6 and ~412.3 eV respectively. Similarly, Figure 4.22 shows 
the S 2p peak and has a binding energy of ~162.5 eV. The atomic ratio for Cd:S given 
from the XPS spectra is 52.9:47.1. This experimental result confirmed the XRF 
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measurements discussed in section 4.5.7. All these peaks and binding energies are very 
close to those found by other researchers and summarised in Table 4.5 [18-21]. 
 
  
Figure 4.19: XPS spectrum of CdS cleaved in vacuum (courtesy: Prof. I. M. 
Dharmadasa). 
 
        
Figure 4.20: Typical XPS survey spectrum of the ED-CdS pattern grown at 1500 mV 
(courtesy: Inst. of Mater. Research, Univ. of Leeds). 
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Figure 4.21: XPS spectrum of ED-CdS grown at 1500 mV close-up survey for Cd 3d 
core (courtesy: Inst. of Mater. Research, Univ. of Leeds). 
 
 
Figure 4.22: XPS spectrum of ED-CdS grown at 1500 mV close-up survey for S 2p 
core (courtesy: Inst. of Mater. Research, Univ. of Leeds). 
 
Table 4.5: Summary of CdS XPS results 
Method Binding energy (eV) Ref. 
Cd 3d5/2 Cd 3d3/2 S 2p 
CBD 405.5 412 161.70 21 
ammonia-free 
chemical process 
405.1 - 405.3 411.8 - 412 161.6 - 161.8 19 
ED 405.2 412 162 18 
RF magnetron 
sputtering 
405 412 161 20 
ED 405.6 412.3 162.5 this 
work 
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4.6 Summary 
CdS have been deposited on glass/FTO substrates using a low-cost aqueous 
electrodeposition method. The XRD results indicates that both as deposited and heat 
treated ED-CdS layers are polycrystalline and have a hexagonal crystal structure with 
preferential orientation along the (101) direction. From the literature [22], it is known 
that hexagonal structure performs better in terms of light absorption. Therefore this 
could be an added advantage to increase the device performance.  
The electrical conductivity type of the deposited layers were all n-type and the largest 
PEC signal arises because of the formation of PV active depletion region as a result of 
moderate doping in the range ~10
15
-10
18
 cm
-3
.  Optical absorption measurements gives a 
bandgap of ~2.42 eV for heat treated sample which shows dark-orange colour. XRF 
analysis shows that at low cathodic voltages, S deposits preferentially and Cd deposition 
increases as the cathodic voltage is increased. 
SEM studies indicate the film form in columnar grain clusters are in nanoscale range 
with an average diameter of ~60 nm. The images show gaps or pin holes between the 
grains. This shows that, the growth of CdS as islands and CdTe columnar growth on top 
of this layer. Therefore, it is possible during CdTe growth; some CdTe layers grow on 
the FTO while others are on the CdS film. This creates some gaps or pin holes and 
when contacts are made with Au for complete devices it will provide shorting paths 
making devices low in efficiency. Therefore, methods should be developed to grow 
uniform cover of CdS on FTO surfaces.  
3D-AFM measurements shows that the ED-CdS layers have highly ordered and densely 
packed nano-rod arrays oriented perpendicular to the glass/FTO substrates. The nano-
rod nature of the CdS layers could reduce the recombination and generation and hence 
minimise scattering at grain boundaries. The 2D-AFM image show large clusters of 
CdS with cauliflower-like features.   
Raman spectroscopy has proven to be a fast and convenient technique to use as a quality 
control method. Two peaks observed at 303 cm
-1
 and 608 cm
-1
 corresponding to the first 
and second order longitudinal optical phonons (1LO) and (2LO) act as a finger prints to 
identify CdS layers. 
The XPS spectra measurement identified two distinct Cd 3d peaks (i.e. 3d5/2 and 3d3/2) 
with their binding energies at ~405 and ~412 eV respectively. The S 2p peak has a 
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binding energy of ~162 eV. XPS results indicate that the composition of CdS layers is 
52.9:47.1. This is in agreement with the XRF data. The electrolytic bath used in this 
work can be used for a period of 7 months, therefore the objective have been achieved.  
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Chapter 5:   Electrodeposition of ZnTe (Window material-2) 
 
5.1 Motivation and objectives 
The purpose of this chapter is to develop ZnTe thin films using electrodeposition and 
use it in graded bandgap multi-layer solar cells. Our target structure is 
glass/FTO/ZnTe/CdTe/CdS/Al contact. It is reported in the literature that multi-layer 
solar cells produce higher efficiency due to the higher electric field (Ei) created within 
the device. 
 
5.2 Introduction 
Zinc telluride (ZnTe) is a p-type window material with a wide and direct bandgap of 
2.21 – 2.26 eV at room temperature with electron affinity of 3.53 eV [1, 2]. Thin film 
solar cells need at least two kinds of semiconducting layers; a wide bandgap window 
material and a narrow bandgap absorber material. The most common window material 
used to develop thin film solar cells based on CdTe and CuInGaSe2 absorber materials 
is n-CdS. Due to the toxic nature of Cd- containing waste produced during growth of 
CdS using chemical bath deposition (CBD), an alternative, more environmentally 
benign window material is required.  ZnTe is an environmentally benign compound that 
can be potentially used as window layer to replace the CBD-CdS currently used.  
 
The recent work reported by Dharmadasa et al. [3, 4] on multi-layer graded bandgap 
solar cells based on AlGaAs/GaAs structures with p-type window materials have 
demonstrated highest Voc (1100 - 1175 mV) and excellent FF (0.80 - 0.87) values. The 
development of ZnTe layers using electroplating enables the fabrication of next 
generation graded bandgap solar cells using low-cost materials. Experimental details of 
ZnTe deposition have been discussed in section 3.3 of chapter 3. 
 
 5.3 Linear sweep voltammogram 
Figure 5.1 shows a typical cyclic voltammograms related to the electrodeposition of 
ZnTe thin films from two electrolytes. Te starts to deposit from ~200 mV cathodic 
voltage and deposition of Te-rich ZnTe compound is expected at ~800 mV to 1400 mV 
cathodic voltages.  ZnTe thin films deposition takes place beyond 1480 mV cathodic 
voltage as can be deduced from these Figures. Two peaks were observed in the reverse 
106 
 
direction which are attributed to the removal of metallic zinc and tellurium at (1368 & 
710) mV and (858 & 349) mV cathodic voltages for 0.02M and 0.15M Zn
+2
 
concentrations respectively. The pH is among the key parameters necessary to be 
considered for the deposition of ZnTe layers. According to references [2, 5], at lower 
pH (3.50±0.01), free tellurium deposited and at comparatively higher pH (5.50±0.01), 
the solution becomes cloudy due to the precipitation of TeO2 or Cd(OH)2. Furthermore, 
the deposition current density has a strong influence on the structure of the ZnTe thin 
films grown. It has been reported that higher deposition current densities (>400 μAcm-2) 
led to films with rough surfaces, whereas films deposited at lower current densities 
(≈100 μAcm-2) had smooth surfaces [6]. 
 
 
   
 
Figure 5.1: A typical voltammogram for an electrolytic bath used for deposition of 
ED-ZnTe using lower and higher Zn
+2
 concentration (a) and (b) respectively. 
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5.4 Visual Appearance 
Figure 5.2 shows the visual appearance of ZnTe layers deposited as a function of 
growth voltage. As shown in the Figure, at higher and lower cathodic voltages, the 
samples become dark which are attributed to the Zn and Te richness. In the intermediate 
voltages, the layers appear reddish brown, similar to that of bulk ZnTe material [1, 2]. 
 
     
       
Figure 5.2:  The appearance of as-deposited ED-ZnTe layers grown on glass/FTO 
substrate. 
 
 
5.5 Characterisation of Electrodeposited ZnTe (ED-ZnTe) 
 
5.5.1 X-ray diffraction 
The XRD investigations of ED-ZnTe grown at 1513 and 1560 mV from 0.02M and 
0.15M Zn
+2
 concentrations are shown in Figure 5.3. The diffractograms show that at 
lower Zn concentration a strong peak is observed at 2θ = 24.05o which corresponds to 
preferred orientation along (100) plane of hexagonal phase. This peak agrees with the 
JCPDS (01-075-2082) data on hexagonal ZnTe. Other peaks identified from the graphs 
are ZnO peak and (103). At the higher concentration of Zn
+2
 the preferred orientation of 
ZnTe disappears with (102), (200) and (202) appearing in addition to (100). 
Mahalingam et al. [5] reported that ZnTe films crystallise at lower concentration and the 
results confirmed this observation. The values of d, D and FWHM of the strongest peak 
evaluated for results shown on panel 1 are presented in Table 5.1 using equation (2.17) 
and (2.18) from section 2.2.1 in chapter 2. Furthermore, due to the nature of the weak 
XRD peaks on panel 2 it is difficult to calculate these parameters. 
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Table 5.1: Structural parameters of ED-ZnTe thin films. 
 
S/N 2θ (Degrees) Lattice spacing d 
(Å) 
Crystallite 
size D (nm) 
FWHM hkl 
RP OB RP OB 
1 24.029 24.050 3.7005 3.7761 4.4 0.334 100 
2 24.029 24.050 3.7005 3.7305 8.8 0.169 100 
 
 
N/B: 1 - as deposited, 2 - heat treated, RP - reported value from the JCPDS card, OB - 
observed value from the XRD Figure on panel 1. 
 
 
  
 
Figure 5.3: X-ray diffraction patterns of ED-ZnTe thin films grown at lower [panel 1 
Vg = 1513 mV] and higher [panel 2 Vg = 1590 mV] concentrations of Zn
+2
; (a) 
glass/FTO, (b) as deposited and (c) heat treated ED-ZnTe. 
 
From the Table, it is observed that crystallite size for heat treated sample increases and 
the FWHM decreases; this is due to coalescence of small crystals and formation of large 
grains. A further decrease in the lattice spacing is observed for the heat treated sample 
which is in agreement with the work of Lalitha et al. [6]. The observed lower value of d 
for heat treated sample is an evidence of removal of tensile strain by the heat treatment. 
The same trend is observed for FWHM; the crystallite size increases due to the increase 
in the grain sizes and the relaxation of excessive strains in the lattice.   
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5.5.2 Photoelectrochemical (PEC) cell 
PEC signal measurements were carried out on all the samples from the two 
concentrations and the results are shown in Figure 5.4. PEC studies provide vital 
information on electrical conductivity type and hence help in design and fabrication of 
electronic devices using these films. These results indicate that all ED-ZnTe layers 
grown at the indicated voltages were p-type in electrical conduction. It should be noted 
that Na2SO4 has been used as a supporting electrolyte to grow ZnTe. The presence of 
sodium in the electrolyte could act as a p-type dopant in ZnTe producing always p-type 
ZnTe layers.  
 
 
Figure 5.4: PEC signal as a function of growth voltage for as deposited ED-ZnTe 
layers for Zn
+2
 concentrations (a) 0.02M and (b) 0.15M. 
 
 
5.5.3 Optical absorption 
Optical absorption measurements were carried out in order to evaluate the bandgap. The 
absorption spectra of ED-ZnTe using 0.02M and 0.15M Zn
+2 
concentrations are shown 
in Figure 5.5. Using equation (2.21) on section 2.2.3 in chapter 2, the bandgap energy, 
Eg, was estimated by plotting the square of absorbance (A
2
) against photon energy (hv). 
The intercept on the energy axis gives the values of the direct bandgap of the as 
deposited ZnTe; Eg as ~ (2.32 – 2.50) eV and (2.65 – 2.78) eV for 0.02M and 0.15M for 
Zn
+2
 concentration respectively.  
Figure 5.5 (a) clearly shows the progressive sharpening of the absorption edge, which is 
due to the lower concentration of Zn
+2
 sources. This result goes together with the XRD 
spectra presented on panel 1 of Figure 5.3. The minimum value of 2.32 eV from the 
lower concentration is very close to the reported bandgap of crystalline ZnTe layer (2.21 
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– 2.26) eV [1, 2]. The larger value observed in the films with a higher concentration of 
Zn in the bath indicates that the layers formed consist of nano-crystals, producing larger 
bandgap values due to quantum effects. This increase could also be due to incorporation 
of ZnO (Eg = 3.08 – 3.26) eV [7, 8] and hence reducing the crystallinity of the deposits.  
  
 
 
Figure 5.5: Optical absorption edges for as deposited ED-ZnTe for Zn
+2
 
concentrations (a) 0.02M and (b) 0.15M. 
 
 
5.5.4 Scanning Electron Microscopy 
SEM studies were carried out to investigate the surface morphology and uniformity of 
ED-ZnTe layers. The SEM pictures of as deposited ZnTe layers are shown in Figure 5.6 
(a) and (b) from two different Zn
+2
 concentrations. The appearance indicates the 
uniform distribution of grains size of ~15 nm and ~10 nm from lower and higher 
concentrations of Zn
+2
 respectively.   
Reproducibility of the films is one of the main challenges facing most of the growth 
techniques. In this work, the main difficulties are the right control of parameters such as 
pH, tellurium addition, temperature of the electrolytic bath, deposition potential etc.   
 
Energy (eV) Energy (eV) 
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Figure 5.6: SEM images of ED-ZnTe grown on glass/FTO substrates for Zn
+2
 
concentrations (a) 0.02M Vg = 1513 mV and (b) 0.15M Vg = 1590 mV.  
 
5.5.5 Energy Dispersive X-ray 
The qualitative analysis of the ED-ZnTe layers was carried out using energy dispersive 
x-ray (EDX) spectroscopy on both lower and higher Zn
+2
 concentrations. Figure 5.7 
shows the EDX spectra of ED-ZnTe layers. From the Figures, both Zn and Te elements 
are present and the remaining elements identified are due to the background of the 
glass/FTO substrate. The atomic composition of Zn:Te estimated is 25:75. 
 
 
 
 
 
 
 
 
Figure 5.7: EDX spectra of ED-ZnTe grown on glass/FTO substrates for Zn
+2
 
concentrations (a) 0.02M Vg = 1513 mV and (b) 0.15M Vg = 1590 mV.  
  
 
(a) (b) 
(a) (b) 
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5.5.6 Atomic Force Microscopy 
Figure 5.8 shows the 2D-AFM pictures of heat treated ED-ZnTe grown on glass/FTO 
substrate at 1513 mV from lower concentration. The AFM image shows small clusters 
of ZnTe which indicates the uniform distribution of grain size, and very consistent with 
the SEM results shown in Figure 5.6.     
 
  
 
Figure 5.8: 2D-AFM image of ED-ZnTe grown on glass/FTO substrate at 1513 mV 
(courtesy: Inst. of Org. Catalysis & Electrochem., Kazakhstan). 
 
The 3D-AFM picture of ED-ZnTe grown at 1513 mV from lower concentration is 
shown in Figure 5.9. From the Figure there is a sign of nano-rod similar to the ED-CdS 
discussed in chapter 4. Since ZnTe is a II-VI compound similar to CdS, these nano-rods 
are also tightly packed and oriented perpendicular to the glass/FTO substrates. The 
length and diameter of the nano-rods are ~60 nm (thickness of the ZnTe layer) and ~30 
nm respectively. This nano-rod nature of ZnTe could reduce the recombination of 
electrons and holes and also minimise scattering at grain boundaries.   
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Figure 5.9: 3D-AFM image of ED-ZnTe grown on glass/FTO substrate at 1513 mV 
(courtesy: Inst. of Org. Catalysis & Electrochem., Kazakhstan). 
 
5.5.7 Raman spectroscopy 
The Raman spectra of ED-ZnTe were recorded using a RENISHAW InVia Raman 
Microscope. The Raman spectrum of ZnTe epilayer grown on GaAs substrate is shown 
in Figure 5.10 for comparison [9]. Figure 5.11 shows the Raman spectrum of ED-ZnTe 
layer grown on glass/FTO substrate at 1513 mV from lower concentration. Two peaks 
were observed at 203 cm
-1
 and 409 cm
-1
 which correspond to the first and second order 
longitudinal optical phonons (1LO) and (2LO) of ZnTe respectively. All these peaks are 
very close to those found by other researchers [10-13]. A similar observation of these 
two peaks has been reported by Szuszkiewicz et al. [12, 13]. They also reported that the 
group of lines observed between 90 cm
-1
 and 150 cm
-1
 (i.e. Te labelled) is due to Raman 
scattering at trigonal tellurium clusters. Furthermore, the LO phonon line intensity has a 
clear maximum for an excitation energy of 2.34 eV, close to the excitation energy of 
ZnTe.  
A Raman spectrum shows that electrodeposited ZnTe films is Te-rich with a strong Te- 
peak observed. This indicates that the deposited film is Te-rich surface. Therefore, 
stoichiometric ZnTe must be produced which is necessary for good devices.  
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Figure 5.10: Raman spectra of ZnTe epilayer grown on GaAs substrate [9]. 
 
  
Figure 5.11: Raman spectrum of ED-ZnTe grown on glass/FTO substrate at 1513 mV 
(courtesy: Inst. of Mater. Research, Univ. of Leeds).  
 
5.5.8 X-ray photoelectron spectroscopy 
XPS studies were performed using an Escalab 250 spectrometer to obtain quantitative 
analysis of surface chemical states. A typical XPS survey spectrum of ED-ZnTe grown 
at 1513 mV is shown in Figure 5.12. Figures 5.13 and 5.14 shows the Te 3d and Zn 2p 
core-level XPS spectra indicating the presence of both Zn and Te in these layers. Two 
distinct Te 3d peaks (i.e. 3d5/2 and 3d3/2) are observed in Figure 5.13. As shown from the 
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Figure, the binding energies associated with Te (3d5/2 and 3d3/2) appeared at ~573 and 
~584 eV respectively. Similarly, Figure 5.14 shows the Zn 2p peak has a binding energy 
of ~1022 eV. The atomic ratio for Zn:Te given from the XPS spectra is 32.8:67.2. All 
these peaks and binding energies are very close to those found by other researchers [14-
17]. The above atomic ratio indicates that the layers contain more Te in these 
electrodeposited materials. This explains why sharp peak of Te is observed in Raman 
spectra shown in Figure 5.11. 
 
              
Figure 5.12: Typical XPS survey spectrum of ED-ZnTe pattern grown at 1513 mV 
(courtesy: Inst. of Mater. Research, Univ. of Leeds).  
 
  
Figure 5.13: XPS spectrum of ED-ZnTe layers grown at 1513 mV indicating Te 3d 
core levels (courtesy: Inst. of Mater. Research, Univ. of Leeds).  
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Figure 5.14: XPS spectrum of ED-ZnTe layers grown at 1513 mV indicating Zn 2p 
core levels (courtesy: Inst. of Mater. Research, Univ. of Leeds).  
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5.6 Summary 
ZnTe has been deposited on glass/FTO substrates using low-cost aqueous 
electrodeposition method. The XRD results indicates that both as deposited and heat 
treated ED-ZnTe layers show that at lower Zn concentration in the bath, a strong peak is 
observed at 2θ = 24.05o which corresponds to preferred orientation along (100) plane of 
hexagonal phase, but when the concentration increases the (100) becomes very weak.  
PEC studies indicate p-type electrical conduction for electrodeposited ZnTe layers. 
Optical absorption measurement provides minimum bandgap of the as deposited ZnTe 
as ~2.28 eV and 2.65 eV for 0.02M and 0.15M of Zn
+2
 concentration respectively. SEM 
studies indicates uniform distribution of grains size of ~15 nm and ~10 nm from lower 
and higher concentration of Zn
+2
 respectively.  
3D-AFM measurements show that the ED-ZnTe layers consist of tightly packed and 
well defined nano-rods oriented perpendicular to the glass/FTO substrates. The 2D-
AFM images show small clusters of ZnTe which indicates the uniform distribution of 
grain size. The SEM pictures of as deposited ZnTe layers indicates the uniform 
distribution of grains size of ~15 nm and ~10 nm from lower and higher concentrations 
of Zn
+2
 respectively. 
Raman measurements have been shown to be a fast and convenient technique to use as a 
quality control method. Two peaks were observed at 203 cm
-1
 and 409 cm
-1
 which 
correspond to the first and second order longitudinal optical phonons (1LO) and (2LO) 
of ZnTe respectively. These act as finger prints to identify this phase. From the XPS 
spectrum, the binding energies associated with Te (3d5/2 and 3d3/2) appeared at ~573 and 
~584 eV respectively. The Zn 2p peak has the binding energy at ~1022 eV.  
XPS results indicate that the composition of ZnTe layers as 32.8:67.2, which means that 
the electrodeposited layers are rich in Te. This is again confirmed by the strong Te- 
peak appearing in Raman spectra. Both these experimental evidence indicate the 
preferential precipitation of Te during electrodeposition of ZnTe process. 
In general, electrodeposited ZnTe films show a strong XRD peak from lower Zn 
concentration indicating better crystallinity when grown with lower Zn in the electrolyte. 
But other results (XPS, Raman and EDX) confirmed that the deposited films are rich in 
Te. Therefore, these three techniques used indicate that ZnTe is not stoichiometric but 
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contains excess Te. The future work must focus to reduce Te crystallisation in these 
layers and hence improve the composition ratio of Zn and Te. The presence of excess 
Te also explains p-type electrical conductivity of electrodeposited ZnTe materials. 
Furthermore, due to the peeling-off of ZnTe layers in acidic CdTe and CdS bath, the 
objective has not been achieved. 
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Chapter 6:   Growth and optimisation of CdTe deposition voltage 
 
6.1 Motivation and objectives 
The deposition voltage of CdTe thin film has been established by previous researchers 
in our group. It is within the range 1.500 - 1.600 V, and layers deposited from 1.560 to 
1.585 V produce good devices. The aim of this chapter is to investigate the optimum 
deposition potential for CdTe film growth within this range    
 
6.2 Introduction 
Cadmium telluride (CdTe) is one of the most suitable materials for use in thin film 
photovoltaic structures and other electronic devices. It is a direct bandgap 
semiconductor with bandgap energy of 1.45 eV which is close to the optimum; 
theoretical calculation shows that semiconductors with bandgap energy of 1.00 – 2.00 
eV are suitable for solar energy conversion [1, 2]. 
Only two microns of CdTe will absorb nearly 100% of incident solar radiation, whereas 
crystalline silicon needs to be at least 100 μm thick to absorb the same amount of 
radiation [3, 4]. To date, CdTe-based solar cells have achieved efficiency of 17.3% [5] 
in small scale laboratory devices. CdTe thin film deposition has been discussed in 
details in section 3.4 of chapter 3. 
 
6.3 Linear sweep voltammogram 
Figure 6.1 shows a typical voltammogram related to the electrodeposition of CdTe 
layers. The voltage scan was run between 100 to 1700 mV cathodic voltages with a 
sweep rate of 5 mVs
-1
. As shown in Figure 6.1 (b), Te begins to be reduced when the 
current density starts to increase from cathodic voltages ~200 mV to ~1400 mV. 
In this region, elemental Te is free and the layer deposited is a mixture of CdTe and Te. 
A small hump is observed around 1500 mV, and deposition of mainly CdTe layer is 
expected beyond 1550 mV cathodic voltage as can be seen from the Figure. A rapid 
increase in current at ~1600 mV is due to the combination of deposition of elemental Cd 
and hydrogen evolution at the cathode. In the reverse direction, prominent peaks were 
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observed which are attributed to the removal of elemental Cd, Cd-from CdTe and then 
elemental Te at cathodic voltages 1000, 900 and 700 mV respectively.  
  
 
    
Figure 6.1: Typical voltammograms for electrolytic baths used for deposition of 
CdTe (a) Cd
+2
 only and (b) Cd
+2
 + TeO2.  
   
6.4 Characterisation of CdTe 
6.4.1 Photoelectrochemical (PEC) cell 
The Photoelectrochemical cell values of glass/FTO/CdTe layers grown at different 
cathodic voltages are shown in Table 6.1 and the PEC signal is shown in Figure 6.2.  
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Table 6.1:   PEC cell results of glass/FTO/CdTe as a function of the growth voltage. 
S/N Growth 
voltage (V) 
PEC signal 
(mV) 
1 1.570 +3 
2 1.571 +2 
3 1.572 +2 
4 1.573 +1 
5 1.574 +1 
6 1.575 +1 
7 1.576 0 
8 1.577 -1 
9 1.578 -1 
10 1.579 -2 
11 1.580 -2 
   
From the Table above, at lower cathodic voltages the polarity of the PEC signal was p-
types and at higher cathodic voltages it was n- types, indicating Te-rich and Cd-rich 
respectively. At deposition voltage of 1.576 V the PEC signal shows intrinsic (i.e. 
stoichiometric). The PEC signal arises because of the formation of PV active depletion 
region as a result of moderate doping ~(10
14
 - 10
17
)
 
cm
-3
. These results confirmed the 
work of other researchers who reported the possibility of getting either p- or n- type 
CdTe [6-8].  
 
 
Figure 6.2: PEC signal as a function of growth voltage for glass/FTO/CdTe layers. 
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6.4.2 X-ray diffraction 
Figure 6.3 shows the X-ray diffraction patterns for as deposited and heat treated CdTe 
layers (at 450
o
C for 15 minutes) deposited at different growth voltages. The main 
diffraction peak at 2θ = 23.642o which corresponds to preferred orientation along (111) 
plane of cubic phase. This peak agrees with the JCPDS (01-075-2086) data of cubic 
CdTe. From these Figures, it is observed that at lower growth voltage (panel 1: Vg = 
1.563 V), Te is deposited more than Cd on the substrate surface, giving rise to Te-rich 
CdTe material.  As the deposition potential increases, the Te peaks in the diffractograms 
diminish, at 1.574 V and above, only one peak ascribed to Te is seen. 
At the higher of growth voltage (panel 8: Vg = 1.587 V), more Cd atoms than Te atoms 
are deposited on the substrate surface and the resulting films produced are Cd-rich CdTe 
material. Weak Cd peaks were observed in this diffractogram. At the intrinsic 
composition 1.576 eV, the CdTe (111) peak is dominant and all other peaks diminished 
as shown in panel 5. As shown from the PEC result in section 6.4.1, this region is i-type 
in electrical conductivity which is similar to the results reported by Yang et al. [9].  
After heat treatment in air, the intensity of the peaks was different. At lower and higher 
growth voltages, the intensity goes up as a result of the films become more crystalline. 
At the intrinsic potential and the potential which are very close to the stoichiometry, the 
intensity goes down due loss of the material through sublimation. The heat treatment 
enhances the recrystallisation of non-stoichiometric CdTe films reducing any stress 
within the films and due to sublimation of excess elements from the layers. The values 
of XRD intensity, FWHM and D at different growth voltages are presented in Table 6.2, 
estimated using equation 2.18 presented in section 2.2.1 in chapter 2. 
Stoichiometric CdTe layers produce higher efficiency when the device fabricated due to 
the presence of atomic composition of Cd:Te ratio as 50:50. Away from the 
stoichiometric growth voltage, material layer will be either Te-rich or Cd-rich, and 
hence the efficiency suffers due to the presence of two phases.  
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Table 6.2: XRD intensity, FWHM and grain size of CdTe at different growth 
voltages for as deposited and heat treated layers.  
Growth 
voltage 
(V) 
XRD Intensity 
(arb. units) 
FWHM Grain size, D (nm) 
AD HT AD HT AD HT 
1.563 706 1036 0.184 0.134 8.3 11.4 
1.570 2044 3276 0.130 0.117 11.8 13.1 
1.572 2502 3229 0.128 0.112 12.0 13.7 
1.574 4324 3944 0.123 0.108 12.5 14.2 
1.576 7169 4927 0.117 0.100 13.1 15.8 
1.578 4500 4238 0.130 0.109 11.8 14.1 
1.580 3060 3132 0.134 0.110 11.4 13.8 
1.587 1200 2578 0.185 0.112 8.2 13.7 
 
N/B: AD = as deposited and HT = heat treated. 
From the Table, it is observed that crystallite size for heat treated sample increases and 
the FWHM decreases; this is due to the coalescence of small crystals and the formation 
of large grains. Furthermore, the FWHM was found to decrease as the growth voltage 
get to its stoichiometry, and start to increase as it goes away. The opposite is the case 
for crystallite size. Such effect is due to the decrease in the concentration of lattice 
imperfections as a result of a decrease in the internal micro strain within the films or an 
increase in the crystallite size. Figures 6.4, 6.5 and 6.6 shows the XRD intensity, 
FWHM and grain size at different growth voltages respectively. 
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Figure 6.3: X-ray diffraction patterns for CdTe layers at different growth voltages (a) 
as deposited and (b) heat treated [* and # indicates Te and Cd peaks respectively]. 
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Figure 6.4: XRD Intensity of (111) peak observed for CdTe layers grown at different 
growth voltages. 
        
Figure 6.5: FWHM of (111) peak observed for CdTe layers grown at different 
growth voltages. 
 
Figure 6.6: Grain sizes of (111) peak observed for CdTe layers grown at different 
growth voltages. 
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6.4.3 Optical absorption 
Optical absorption measurements were carried out in order to evaluate the bandgap. 
Figure 6.7 shows the graphs of optical absorption for as deposited and heat treated CdTe 
samples. Using equation 2.21 on section 2.2.3 in chapter 2, the bandgap energy, Eg was 
determined by plotting the square of absorption (A
2
) against photon energy (hv) for both 
as deposited and heat treated materials. The value of Eg for as deposited samples grown 
at or near stoichiometry is 1.55 eV. As films become increasingly non-stoichiometry Eg 
value increases. After heat treatment, the bandgap values decreased and the absorption 
edge of the curve sharpened. Bandgap energy for the stoichiometry films became 1.45 
eV which is closer to the bulk CdTe value. The reason for the sharpening might be due 
to a change in the stoichiometry or reduction of intrinsic defect population of the treated 
samples. Table 6.3 gives the bandgap values for as deposited and heat treated CdTe 
layers at different growth voltages, and Figure 6.8 shows the bandgap energy at 
different growth voltages.  
Table 6.3: Bandgap energy of CdTe layers at different growth voltages. 
Growth voltage 
 (V) 
Bandgap (eV) 
AD HT 
1.563 1.62 1.55 
1.572 1.62 1.50 
1.574 1.55 1.45 
1.576 1.55 1.45 
1.578 1.55 1.45 
1.580 1.55 1.50 
1.587 1.62 1.55 
 
As shown from the Table, the bandgap energies increase as the growth voltage deviates 
from the stoichiometry value (Vg ~1.576 V) for both as deposited and heat treated 
samples.  
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Figure 6.7: Optical absorption curves for (a) as deposited and (b) heat treated CdTe 
layers at different growth voltages. 
 
 
Figure 6.8: Bandgap energy for as deposited and heat treated CdTe layers at 
different growth voltages. 
 
The optical transmission spectra for as deposited and heat treated CdTe layers are 
shown in Figure 6.9. Measurements were taken in the wavelength range 600 – 1000 nm 
on the deposited films. The transmission coefficient was found to be above 80% for all 
the as deposited films except the one grown at 1.576 V. After heat treatment at 450
o
C 
for 15 minutes the transmission decreases and the absorption edge of all the CdTe films 
Energy (eV) Energy (eV) 
129 
 
sharpened. Metin et al. [10] reported that, the sharper absorption edge indicates fewer 
defect and impurity energy levels in the film. From Figure 6.9 (b), it is observed that the 
band edge of the film deposited at 1.576 V gives the actual cut-off wavelength of CdTe 
~852 nm. Furthermore, growth voltages close to the stoichiometry produced sharper 
band edge close to the right bandgap. At higher and lower deposition potentials, a wide 
blue shift was observed for the band edge from the CdTe value.  
  
Figure 6.9: Transmission spectra for (a) as deposited and (b) heat treated CdTe 
layers at different growth voltages. 
 
6.4.4 Scanning Electron Microscopy 
SEM studies were carried out to investigate the surface morphology, grain size and 
uniformity of CdTe layers. Three samples, grown at 1.563 V (Te-rich CdTe), 1.576 V 
(stoichiometric CdTe) and 1.587 V (Cd-rich CdTe), were selected for analysis. Figure 
6.10 [a, b and c] and [d, e and f] shows the SEM images for the as deposited and heat 
treated CdTe thin films. As deposited layers show a lot of pin holes (gaps) between the 
grains. The proportion and size of pin holes depends on how far away from 
stoichiometry the film composition is. However, even at stoichiometry, pin holes are 
apparent.  After heat treatment the grain size increased and no pin holes were apparent. 
The presence of these pin holes made the efficiency of solar cells poor by shorting the 
back contact to the front TCO layer. These results confirmed that heat treatment 
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enhances the recrystallisation and coalesce grains to fill the gaps and form a uniform 
thin layer of CdTe.  
 
   
   
  
 
Figure 6.10: SEM images for [a, b and c] as deposited and [d, e and f] heat treated at 
450
o
C for 15 minutes CdTe layers at different growth voltages. 
 
 
 
(d) 1.563 V 
(f) 1.587 V 
(e) 1.576 V 
(c) 1.587 V 
(b) 1.576 V 
(a) 1.563 V 
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6.4.5 Energy Dispersive X-ray 
Energy dispersive x-ray (EDX) spectroscopy was carried out to investigate the 
qualitative elemental analysis of CdTe layers. Figure 6.11 and 6.12 show the EDX 
spectra of CdTe layers at three different growth voltages. In all the Figures the presence 
of both Cd and Te peaks were observed. Chlorine peak was found in all the heat treated 
samples. The percentage composition of Cd:Te calculated from the heat treated EDX 
spectra are 48.1:51.9, 52.3:47.7 and 50.4:49.6 at deposition potentials 1.563 V, 1.576 V 
and 1.587 V respectively. 
 
 
 
 
 
 
 
 
    
 
 
 
 
Figure 6.11: EDX spectra for as deposited CdTe layers at different growth voltages 
(a) 1.563 V, (b) 1.576 V and (c) 1.587 V. 
   
 
 
 
 
 
(a) (b) 
(c) 
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Figure 6.12: EDX spectra for heat treated CdTe layers at different growth voltages (a) 
1.563 V, (b) 1.576 V and (c) 1.587 V. 
 
6.4.6 Atomic Force Microscopy 
The 2D-AFM picture for heat treated CdTe layers grown at 1.576 V is shown in Figure 
6.13. From the Figure it is observed the AFM image show a cluster of CdTe with large 
grains. The material clusters are in micro-scale range with an average size of ~1.2 μm. 
These grains seem to be well-connected to each other.  
 
Figure 6.13: 2D-AFM images for heat treated CdTe layers grown at 1.576 V 
(courtesy: Inst. of Org. Catalysis & Electrochem., Kazakhstan).  
(a) (b) 
(c) 
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Figure 6.14 shows the 3D-AFM image for heat treated CdTe layers grown at 1.576 V. 
As shown from the Figure, CdTe layers have highly-ordered and densely packed nano-
rod arrays oriented perpendicular to the glass/FTO/CdS substrates. It is reported in 
chapter 4 CdS have nano-rod nature, this provides a good substrate for CdTe layers to 
grow well. The nano-rod nature of CdTe could reduce the recombination of photo-
generated charge carriers and allows its passage with high mobility. 
 
 
 
Figure 6.14: 3D-AFM image for heat treated CdTe layers grown at 1.576 V (courtesy: 
Inst. of Org. Catalysis & Electrochem., Kazakhstan). 
 
6.4.7 Raman Spectroscopy 
The Raman technique gives information about the molecular structure of the material 
and hence is a useful technique for identifying phases. Figure 6.15 show the Raman 
spectra of a thick CdTe layer grown on InSb substrate, for comparison [11]. Figure 6.16 
is the Raman spectrum for heat treated CdTe grown on glass/FTO/CdS at 1.576 V. As 
shown from the Figure, two peaks related to CdTe layers are identified at 141 cm
-1
 and 
166 cm
-1
, these correspond to the fundamental transverse (1TO) and longitudinal optical 
phonons (1LO) respectively. The other peak at 123 cm
-1
 is known to be the A1 phonon 
of pure tellurium. All these peaks are similar to those reported by other researchers in 
the field [12-14].  
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Figure 6.15: Raman spectrum of a thick CdTe layer grown on InSb substrate [11]. 
    
 
Figure 6.16: Raman spectrum for heat treated CdTe layer grown at 1.576 V (courtesy: 
Inst. of Mater. Research, Univ. of Leeds). 
 
6.4.8 X-ray photoelectron spectroscopy (XPS) 
Both the qualitative and quantitative analysis of surface chemical states of the material 
are characterised by the XPS technique. The XPS spectrum of vacuum cleaved CdTe is 
shown in Figure 6.17. Figure 6.18 shows a typical survey spectrum for heat treated 
CdTe layers grown at 1.576 V. As discussed in chapter 4, C and O peaks are present in 
the XPS spectra obtained for electrodeposited CdTe, due to the surface contamination. 
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Figure 6.17: XPS spectrum of vacuum cleaved CdTe (courtesy: Prof. I. M. 
Dharmadasa).  
 
            
 
Figure 6.18: Typical XPS survey spectrum for heat treated CdTe layers grown at 
1.576 V (courtesy: Inst. of Mater. Research, Univ. of Leeds). 
 
From Figure 6.18, two distinct Te 3d5/2 peaks (i.e. Te
2-
 and Te
4+
) were observed and 
presented clearly in Figure 6.19. The binding energies associated with Te
2-
 and Te
4+
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appeared at ~576 and 582.5 eV respectively. The atomic ratio for Cd:Te obtained from 
the XPS spectra is 52.6:47.4. It was reported by [6, 15-17] that Te
2-
 and Te
4+
 states form 
are involved in the action of Te-Cd bonds and Te-O bonds respectively.   
 
Figure 6.19: XPS spectrum for heat treated CdTe layers close-up survey for the Te 3d 
(courtesy: Inst. of Mater. Research, Univ. of Leeds). 
 
6.5 Device characterisation 
The CdTe layers grown on glass/FTO/CdS substrates were treated with CdCl2/heat 
treated at 450
o
C for 15 minutes in air. Details of the processing procedures have been 
presented in sections 3.7 and 3.8 of chapter 3. Analysis of I-V characteristics has also 
described in section 2.3.1 of chapter 2 
 
6.5.1 Current-voltage (I-V) characteristics 
Figure 6.20 shows the linear I-V curves of glass/FTO/CdS/CdTe/Au contacts under AM 
1.5 illuminations, for CdTe layers grown at different growth voltages. Table 6.4 shows 
the results of Voc, Jsc, FF and η of fully fabricated CdTe solar cells.  
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Figure 6.20: Linear I-V curve of glass/FTO/CdS/CdTe/Au contacts under AM 1.5 
illumination condition for CdTe layers grown at; (a) 1.563 V, (b) 1. 587 V, (c) 1.572 V, 
(d) 1.570 V, (e) 1.576 V, (f) 1.580 V, (g) 1.574 V and (h) 1.578 V.   
 
Table 6.4: Cell parameters under illumination of CdTe thin film solar cells at 
different growth voltages. 
Growth 
voltage (V) 
Cell parameters 
Voc (mV) Jsc (mAcm
-2
) FF (%) η (%) 
1.563 500 8 0.29 1.16 
1.570 370 13 0.30 1.44 
1.572 450 12 0.28 1.51 
1.574 430 19 0.27 2.21 
1.576 540 14 0.49 3.70 
1.578 530 21 0.27 3.01 
1.580 410 18 0.30 2.21 
1.587 360 12 0.28 1.20 
 
The maximum efficiency of 3.70% with Voc ~540 mV and FF ~0.49 were achieved for 
stoichiometric devices with CdTe (Vg ~1.576 V). The efficiency decreases as the 
material deviates from stoichiometry. This agrees with the PEC and XRD results 
discussed in section 6.4.1 and 6.4.2 respectively. At lower and higher growth voltages 
the CdTe compound formed is rich in Te and Cd respectively. The low FF of most of 
the devices at higher and lower growth voltages may be due to high resistance created 
by small grains, large recombination process present or detrimental leakage paths 
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present within the devices. Figure 6.21 shows the individual graphs of Voc, Jsc, FF and η 
of glass/FTO/CdS/CdTe/Au contacts.  
     
      
 
Figure 6.21: Cell parameters as function of growth voltages of CdTe layers (a) Voc 
against Growth voltage, (b) Jsc against Growth voltage, (c) FF against Growth voltage 
and (d) Efficiency against Growth voltage. 
 
 
6.6 Structure performance relationship  
Table 6.5 shows the summary of the relationship between material properties and the 
device performance. The stoichiometric CdTe is grown at Vg = 1.576 V, and hence the 
material contains larger crystallites, correct bandgap for CdTe (1.45 eV) and produce 
best efficiency values. At lower growth voltages material becomes Te-rich and at higher 
growth voltages material becomes Cd-rich and hence the crystallinity deteriorates due to 
presence of two phases in the layer. Therefore the bandgaps increase due to quantum 
effects and the device efficiency reduces.  
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Table 6.5: Summary of the material structure and device performance relationship. 
Growth 
voltage (V) 
XRD parameters Bandgap  
(eV) 
Cell 
efficiency, 
η (%) 
FWHM Grain size, 
D (nm) 
1.563 0.134 11.4 1.55 1.16 
1.576 0.100 15.8 1.45 3.70 
1.587 0.112 13.7 1.55 1.20 
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6.7 Summary 
CdTe has been deposited on glass/FTO/CdS substrates using a low-cost aqueous 
electrodeposition method using two-electrode system. PEC measurements confirmed 
that at lower and higher cathodic voltages from the stoichiometric voltage, the polarities 
of the PEC signal were p- and n- type indicating Te and Cd richness respectively. At a 
growth voltage of 1.576 V the PEC signal shows intrinsic implying the film has 
stoichiometric composition.  
The XRD results for both as deposited and heat treated CdTe layers have cubic structure 
with the main diffraction peak at 2θ = 23.642o which corresponds to preferred 
orientation along (111) plane of cubic phase. At voltages less than 1.576 V, the 
deposition rate of Te is greater than that of Cd, and hence the layers are rich in Te. 
When the growth voltage is higher than 1.576 V, the deposition rate of Cd is greater 
than that of Te, and therefore the layers are rich in Cd. When the CdTe composition is 
stoichiometric, only the (111) peak is dominant in the XRD diffractogram indicating a 
high degree of texture. Away from stoichiometry, crystallinity is poor due to presence 
of two phases.  
The optical absorption measurement shows the value of bandgap, Eg for as deposited 
samples away from stoichiometry ranges from 1.62 eV to 1.55 eV. Similarly, after heat 
treatment, the bandgap values decreased and the absorption edge of the curve 
sharpened, giving a bandgap of 1.45 eV for the stoichiometric film. The optical 
transmission spectrum for as deposited samples was found to be above 80% except for 
the one grown at 1.576 V. After heat treatment the transmission decreases and the 
absorption edge of all the CdTe films sharpened.  
SEM studies showed that as deposited layers had pin holes between the crystallites. 
These pin holes seem to be more common in the samples grown at lower deposition 
voltages. As the voltage increases, the pin holes diminish up to the stoichiometry 
voltage and then start appearing again. After heat treatment the grain size increase and 
the pin holes are reduced. The 3D-AFM image shows electrodeposited CdTe has 
highly-ordered and densely packed nano-rod arrays oriented perpendicular to the 
glass/FTO/CdS substrates. The nano-rod nature of CdTe could reduce the 
recombination of photo-generated charge carriers and allow their passage with high 
mobility. The 2D-AFM picture shows clusters of CdTe with large grains. The material 
clusters are in micro-scale range with an average size of ~1.2 μm. 
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Raman measurements show two peaks related to CdTe layers identified at 141 cm
-1
 and 
166 cm
-1
 which correspond to the fundamental transverse and longitudinal optical 
phonons (1TO) and (1LO) respectively. The other peak at 123 cm
-1
 is known to be the 
A1 phonon of pure tellurium. This result shows that the CdTe films are rich in Te by 
indicating a strong Te- peak. Raman spectroscopy has been shown to provide a good 
finger print for identifying CdTe layers. The XPS work reveals that electrodeposited 
CdTe has a similar spectrum to that of cleaved CdTe except for the additional presence 
of C and O peaks, as expected. The composition estimated for these layers by XPS is 
53:47 (Cd:Te).  
The linear I-V curve of glass/FTO/CdS/CdTe/Au contacts under AM 1.5 illumination at 
different growth voltages give the maximum efficiency of 3.70% with Voc ~540 mV and 
FF ~0.49 from the stoichiometric CdTe grown at 1.576 V. The efficiency decreases as it 
deviates from the stoichiometry. The low FF of most of the devices at higher and lower 
growth voltages may be due to high resistance created by small grains, large 
recombination process present or detrimental leakage paths present within the devices. 
From the results above, the optimum CdTe voltage has been determined as 1.576 V. 
Therefore, the objective has been achieved. 
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Chapter 7:   Effect of growth time on CdTe layer thickness 
 
7.1 Motivation and objectives 
It is known that thickness play an important role in the preparation of any material 
layer. For an efficient solar cell, adequate thickness is required to absorb all relevant 
photons, separate and collect photogenerated charge carriers by producing a healthy 
depletion region approximately equal to the thickness of the device. Thick layers 
unnecessarily use expensive semiconducting materials and introduce a high resistance to 
the device performance. A thinner layer allows the electrons tunnel through the 
junction, and leads to the increased recombination process. The aim of this chapter is to 
investigate the effect of CdTe layer thickness on devices performance.  
 
7.2 Introduction 
CdTe thin films are employed as an absorber layer with CdS as a window layer for 
CdS/CdTe hetero-structured solar cells. CdTe has a high absorption coefficient of 10
4
 to 
10
5
 cm
-1
. Film ~1-2 μm thick absorbs the entire incident light above the CdTe bandgap 
of 1.45 eV [1-3]. As discussed in chapter 6, it is possible to prepare films of different 
composition by controlling the growth voltage (i.e. n-, i- or p-type).  
Dharmadasa et al. [4] reported that to produce high quality Schottky barriers at metal/n-
CdTe interfaces, the CdTe surface must be rich in cadmium. Similarly, Gamboa et al. 
[5] reported that the stoichiometry of the CdTe film is improved by controlling the 
tellurium. In chapter 5 it was shown that n-type CdTe is Cd-rich. Therefore, all the work 
reported in this chapter is based on growth voltage regimes that produce n-i-p CdTe 
layers. 
Six glass/FTO/ED-CdS substrates were used and the CdTe layers were grown for 3, 4, 
5, 6, 7 and 8 hrs. This set of samples is called set 1. Another four samples (set 2) were 
grown for 3.5, 4.5, 5 and 5.5 hrs. Growth voltages of 1.578 V, 1.576 V and 1.574 V 
were chosen that correspond to the optimum growth voltages for n-type, i-type and p-
type CdTe layers respectively (see chapter 6, especially section 6.4.1). The growth time 
was equally divided between the three voltages. Deposition of CdTe films have been 
discussed in section 3.4 of chapter 3.  
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7.3 Thickness measurement 
Table 7.1 shows the predicted thickness of CdTe layers grown for different times using 
Faraday‟s equation (discussed in section 2.1.6.2 of chapter 2). Similarly, Figure 7.1 
shows the graph of CdTe thickness against growth periods. 
Table 7.1: Predicted CdTe layer thickness against growth time. 
Growth 
period (hrs) 
Thickness 
±0.01 (m) 
3 0.65 
4 0.76 
5 1.08 
6 1.18 
7 1.51 
8 1.62 
  
From Table 7.1, it is observed that as the growth period increases the thickness of the 
CdTe layer increases as expected. This is due to the deposition of more layers. As 
reported from literature [1-3], a CdTe thickness of ~1-2 m is enough to absorb all 
incidents light with energy above 1.45 eV. 
  
Figure 7.1: (n-i-p) CdTe layer thickness as function of growth time.  
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7.4 Characterisation of CdTe thickness 
 
7.4.1 X-ray diffraction 
Figure 7.2 shows the X-ray diffraction patterns for as deposited and heat treated CdTe 
layers deposited at different growth times. The main diffraction peak at 2θ = 23.642o 
corresponds to preferred orientation along (111) plane of cubic phase. These peaks were 
assigned according to the JCPDS (01-075-2086) data on cubic CdTe. From this Figure, 
it is observed that the main features of the diffraction patterns are the same but only the 
peak intensity is varied. As the growth periods increases, the diffracted intensity of 
(111) peak increased. A similar observation is reported by El-Kadry et al. [6]. Similarly, 
Basio et al. [7] reported that, for material characterisation the film thickness should be 
thick and for device fabrication thin layer is better. 
       
Figure 7.2: X-ray diffraction pattern of (n-i-p) CdTe layers at different growth time 
(a) as deposited and (b) heat treated (* indicates Te peak). 
 
After heat treatment in air at 450
o
C for 15 minutes, the intensity of most peaks 
decreases due to loss of material through sublimation. Two additional peaks (220) and 
(311) were observed at lower growth time periods which indicates polycrystalline 
nature of the film as shown in Figure 7.2 (b). The heat treatment enhances the 
recrystallisation of CdTe films reducing any stress within the films due to sublimation 
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of excess elements from the layer. The values of XRD intensity, FWHM and D at 
different growth time are presented in Table 7.2, estimated using equation 2.18 
presented in section 2.2.1 of chapter 2. 
Table 7.2: XRD intensity, FWHM and grain size of CdTe at different growth times 
for as deposited and heat treated layers.  
Growth 
period 
(hrs) 
XRD Intensity 
(arb. units) 
FWHM Grain size, D (nm) 
AD HT AD HT AD HT 
3 7178 4188 0.234 0.201 6.3 7.4 
4 6921 5770 0.267 0.217 5.5 6.8 
5 9784 9853 0.251 0.217 5.9 6.8 
6 9852 12478 0.234 0.217 6.3 6.8 
7 15485 14308 0.234 0.184 6.3 8.1 
8 18386 17068 0.318 0.184 4.7 8.1 
 
N/B: AD = as deposited and HT = heat treated 
From the Table, it is observed that the crystallite size for heat treated sample increases 
and the FWHM decreases; this is due to the coalescence of small crystals and the 
formation of larger grains. Furthermore, the FWHM was found to decrease as the 
growth time increased. Such an effect may be due to a decrease in the concentration of 
lattice imperfections as a result of a decrease in the internal micro strain within the films 
and/or an increase in the crystallite size. Figures 7.3, 7.4 and 7.5 show the XRD 
intensity, FWHM and grain size at different growth times respectively. 
  
Figure 7.3: XRD intensity of (111) peak observed for (n-i-p) CdTe layers grown at 
different growth times. 
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Figure 7.4: FWHM of (111) peak observed for (n-i-p) CdTe layers grown at 
different growth times. 
 
Figure 7.5: Grain sizes estimated from (111) peak observed for (n-i-p) CdTe layers 
grown at different growth times. 
 
7.4.2 Optical absorption 
Optical absorption measurements were carried out in order to determine the bandgap of 
the films. Figure 7.6 shows the graphs of optical absorption for as deposited and heat 
treated CdTe samples. Using equation 2.21 on section 2.2.3 in chapter 2, the bandgap 
energy values, Eg was determined by plotting the square of absorption (A
2
) against 
photon energy (hv) for both as deposited and heat treated materials. The value of Eg for 
as deposited samples varies between 1.53 eV to 1.59 eV. Similarly, after heat treatment 
in air at 450
o
C for 15 minutes the bandgap values decreased and the absorption edge of 
the curve sharpened; Eg of 1.45 eV, which is closer to the CdTe bulk value, was 
obtained for all the samples but the absorption edge of individual samples varied. The 
reason for the sharpening might be due to a change in the stoichiometry or reduction of 
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intrinsic defect population of the treated samples. Table 7.3 gives the bandgap values 
for as deposited and heat treated CdTe layers at different growth times, and Figure 7.7 
shows the bandgap energy at different growth times.  
 
Figure 7.6: Optical absorption curves for (a) as deposited and (b) heat treated (n-i-p) 
CdTe layers at different growth times. 
 
Table 7.3: Bandgap energy of (n-i-p) CdTe layers at different growth times. 
Growth 
time (hrs) 
Bandgap (eV) 
AD HT 
3 1.55 1.45 
4 1.55 1.45 
5 1.57 1.45 
6 1.59 1.45 
7 1.56 1.45 
8 1.53 1.45 
 
As shown from the Table, the bandgap energies of as deposited samples fluctuate with 
the minimum 1.53 eV at growth time 8 hrs. After heat treatment the bandgap of all the 
Energy (eV) Energy (eV) 
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samples gives 1.45 eV which is close to the bulk CdTe value. It is observed from Figure 
7.6 (b) that the bandgap edge sharpened after heat treatment in the samples grown for 5 
hrs or longer and became less sharp in the thinner films (growth time of 3 or 4 hrs).  
 
Figure 7.7: Bandgap energy for as deposited and heat treated CdTe layers at 
different growth times. 
 
The optical transmission spectra for as deposited and heat treated CdTe layers are 
shown in Figure 7.8. Measurements were taken in the wavelength range 600 – 1000 nm 
on the deposited films. The transmission coefficient of as deposited samples grown 
below 7 hrs was found to be above 80%. After heat treatment the transmission decreases 
and the absorption edge of all the CdTe films sharpened. It has been reported that a 
sharper absorption edge indicates fewer defect and impurity energy levels in the film 
[8]. From Figure 7.8 (b), it is observed that the band edge of the film deposited for 5 and 
6 hrs is ~852 nm (the cut-off wavelength of bulk CdTe) with a transmission coefficient 
around 50%. Films deposited for 3 and 4 hrs show a wide blue shift from the band edge 
of the CdTe value. As the thickness increases (growth time above 6 hrs) the band edge 
shifted to the red region.  
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Figure 7.8: Transmission spectra for as deposited and heat treated (n-i-p) CdTe 
layers at different growth times (a) and (b) respectively. 
 
 
7.4.3 Scanning Electron Microscopy 
SEM studies were carried out to investigate the surface morphology, grain size and 
uniformity of CdTe layers. Three samples grown at 3, 5 and 8 hrs were selected for the 
measurement. Figure 7.9 [a, b and c] and [d, e and f] shows the SEM images for as 
deposited and heat treated CdTe thin films respectively. It is observed that all the as 
deposited samples show a lot of pin holes (gaps) between the grains. The sample grown 
for 3 and 8 hrs contain a higher proportion of pin holes than that grown for 5 hrs. For 5 
hrs growth period, the number of gaps (holes) reduces indicating a suitable uniform 
thickness. After heat treatment the pin holes closed. These results confirmed that heat 
treatment enhances the recrystallisation and coalesce grains to fill the gaps and form a 
uniform thin layer of CdTe.  
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Figure 7.9: SEM images for [a, b, and c] as deposited and [d, e and f] heat treated (n-
i-p) CdTe layers at different growth times. 
  
 
(c) 8 hrs 
(a) 3 hrs 
(b) 5 hrs 
(d) 3 hrs 
(f) 8 hrs 
(e) 5 hrs 
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7.4.4 Energy Dispersive X-ray 
Energy dispersive x-ray (EDX) spectroscopy was used to determine the elemental 
analysis of the CdTe layers qualitatively. The EDX spectra of CdTe layers for three 
different growth times are shown in Figures 7.10, 7.11 and 7.12. In all these Figures the 
presence of both Cd and Te peaks were observed. After heat treatment, oxygen peak 
appears at lower growth time at 3 and 5 hrs. The percentage composition of Cd:Te 
estimated from the spectra is 49:51 for as deposited and 51:49 for heat treated CdTe 
layers. 
    
 
 
 
 
 
Figure 7.10: EDX spectra for (a) as deposited and (b) heat treated (n-i-p) CdTe layers 
grown for 3 hrs. 
    
 
 
 
 
 
Figure 7.11: EDX spectra for (a) as deposited and (b) heat treated (n-i-p) CdTe layers 
grown for 5 hrs.  
  
 
 
 
 
 
Figure 7.12: EDX spectrum for (a) as deposited and (b) heat treated (n-i-p) CdTe 
layers grown for 8hrs. 
(a) (b) 
(a) (b) 
(a) (b) 
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7.4.5 Raman Spectroscopy 
The molecular structure and identification of phases of the material is given by Raman 
technique. Figure 7.13 shows the Raman spectra of a thick CdTe layer grown on InSb 
substrate, for comparison [9]. Figure 7.14 gives the Raman spectra for heat treated (n-i-
p) CdTe layers grown at 3, 5 and 8 hrs growth time period.  
 
Figure 7.13: Raman spectra of a thick CdTe layer grown on InSb substrate [9]. 
 
    
Figure 7.14: Raman spectra for heat treated (n-i-p) CdTe layers at different growth 
time (courtesy: Inst. of Mater. Research, Univ. of Leeds). 
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As shown from the Figure, two peaks related to CdTe layers are identified at 139 - 141 
cm
-1
 and 160 - 166 cm
-1
 which correspond to fundamental transverse (1TO) and 
longitudinal optical phonons (1LO) respectively. Other peak at 120 - 121 cm
-1
 is known 
to be the A1 phonon of the pure tellurium phase.  It is observed that Te peak is 
dominant in the sample grown at 8 hrs which indicates CdTe layers start to become 
richer in Te. This may be due to the preferential dissolution of Cd in the acidic electro-
bath solution. For sample grown at 3.5 hrs both Te and CdTe peaks intensity are almost 
the same, and the CdTe peak is dominant in the sample grown at 5 hrs. As reported in 
chapter 5, for the best devices the CdTe layer should be Cd-rich. Ison et al. [3] reported 
a similar observation on how these two peaks behaved.  All these peaks are very close 
to those reported by other researchers in the field [3, 10-12]. For ideal CdTe material, 
without precipitation of elemental Te, the peak at 120-122 cm
-1
 should not be 
detectable. 
 
7.5 Device characterisation 
As discussed in chapter 6, the completed glass/FTO/CdS/CdTe/Au contacts were then 
assessed using I-V and C-V techniques. Furthermore, the C-V characteristics has also 
deal with in section 2.3.2 of chapter 2. 
 
7.5.1 Current-voltage (I-V) characteristics 
Figure 7.15 shows the print screen of linear I-V curves of glass/FTO/CdS/(n-i-
p)CdTe/Au contacts under AM 1.5 illuminations, for devices with CdTe layers grown at 
different growth times. These are the initial measurements immediately after 
metallisation.  Four weeks after the initial measurements, the devices were measured 
again. The devices had deteriorated drastically, by mainly the reduction of the current 
density as shown in Figure 7.16.  
Table 7.4 shows the results of Voc, Jsc, FF and η of fully fabricated CdTe solar cells (set 
1). The maximum efficiency of 3.55% with Voc ~350 mV and Jsc ~29 mAcm
-2
 were 
achieved for 4 hrs growth time after the first measurement. Four weeks later the 
measurements were repeated and the cell efficiency reduced down to 2.83%. Mendoza-
Pérez et al [13] reported a similar observation and explained further, the efficiency and 
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the long-term stability of CdS/CdTe solar cells strongly depends on the materials used 
for back contact and the method of deposition.  
 
       
 
       
  
       
Figure 7.15: Print screen of linear I-V curve of glass/FTO/CdS/CdTe/Au contacts 
under AM 1.5 illumination for (n-i-p) CdTe layers (set 1a) grown for; (a) 3 hrs, (b) 4 
hrs, (c) 5 hrs, (d) 6 hrs, (e) 7 hrs and (f) 8 hrs. 
(f) (e) 
(d) (c) 
(a) (b) 
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Figure 7.16: Linear I-V curve of glass/FTO/CdS/(n-i-p)CdTe/Au contacts under AM 
1.5 illumination for (n-i-p) CdTe layers (set 1b) grown at different growth times. 
 
Table 7.4: Cell parameters (set 1) under illumination of (n-i-p) CdTe thin film solar 
cells at different growth times [(a) = initial cell parameters measurements and (b) = 4 
weeks later]. 
Growth 
time (hrs) 
Cell parameters (a) Cell parameters (b) 
Voc 
(mV) 
Jsc 
(mAcm
-2
) 
FF 
(%) 
η 
(%) 
Voc 
(mV) 
Jsc 
(mAcm
-2
) 
FF 
(%) 
η 
(%) 
3 300 32 0.32 3.07 400 13 0.36 2.25 
4 350 29 0.35 3.55 410 18 0.39 2.83 
5 320 16 0.30 1.54 280 13 0.35 1.27 
6 520 22 0.30 3.40 440 16 0.38 2.68 
7 530 19 0.27 2.72 370 12 0.39 1.73 
8 400 11 0.27 1.89 360 11 0.33 1.30 
 
From the Table, it is observed that a maximum current density of 32 mAcm
-2
 was 
achieved at lower thickness of 3 hrs growth time and as the thickness increases the 
current density goes down to 11 mAcm
-2
 for 8 hrs growth time. As shown in section 
7.4.1, film grown at 8 hrs produced the highest intensity of the XRD but reverse is the 
case for device fabrication which agrees with the work reported by Bosio et al. [7]. 
Furthermore, Plotnikov et al [14] reported that efficiency greater than 12% can be 
achieved for cells as thin as 1 m. Other researchers have reported that a thickness of 
CdTe between 0.67 and 1 m is enough to absorb ~80% of solar radiation [15, 16].  
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As shown on Table 7.4, the best cell efficiency was achieved for between 4 – 6 hrs 
growth times for the CdTe layer with some possible error for 5 hrs growth time. To 
confirm this result, another set of samples were grown at 3.5, 4.5, 5 and 5.5 hrs. Figure 
7.17 shows the linear I-V curves of this sets (i.e. set 2) and Table 7.5 shows the results 
of Voc, Jsc, FF and of fully fabricated (n-i-p) CdTe solar cells for this set. 
 
Figure 7.17: Linear I-V curve of glass/FTO/CdS/(n-i-p)CdTe/Au contacts under AM 
1.5 illumination for (n-i-p) CdTe layers (set 2) grown at different growth times. 
 
Table 7.5:   Cell parameters (set 2) under illumination of (n-i-p) CdTe thin film solar 
cells at different growth time periods. 
Growth 
periods (hrs) 
Cell parameters 
Voc (mV) Jsc (mAcm
-2
) FF (%) η (%) 
3.5 410 30 0.27 3.32 
4.5 610 21 0.36 4.61 
5 660 24 0.48 7.60 
5.5 540 14 0.45 3.40 
 
It is observed from the Table above, a maximum efficiency of 7.60% with Voc ~660 
mV, Jsc ~24 mAcm
-2
 and FF ~0.48 was achieved for 5 hrs growth time. As the thickness 
of the CdTe layers increases or decreases, the efficiency of the cell goes down. At lower 
thickness the FF is poor which may be due to high resistance created by small grains, 
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large recombination and generation process present or detrimental leakage paths present 
within the devices. It is known that current transport across the potential barrier at 
metal/semiconductor interface depends on thermionic emission, recombination and 
generation, field emission and thermionic field emission [17]. Peña et al have reported 
that series resistance effects limit the efficiency of solar cells [18]. Figure 7.18 (a) 
shows the log I against V of the best diode and its linear-linear equivalent under dark 
condition Figure 7.18 (b). The individual graphs of Voc, Jsc, FF and of the two sets are 
shown in Figure 7.19. 
 
 
Figure 7.18: Log-linear (a) and linear-linear I-V curves (b) under dark condition for 
glass/FTO/CdS/(n-i-p)CdTe/Au contact with (n-i-p) CdTe grown for 5 hrs show 
rectification factor (RF) ~10
3.5
, diode idiality factor (n) ~1.88 and barrier height 
(eV.  
(a) (b) 
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Figure 7.19: Cell parameters as a function of growth times of (n-i-p) CdTe layers, for 
set (1) and set (2). This indicates the performance drop for 5 hrs growth in set (1) due to 
some other factor. 
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7.5.2 Capacitance-voltage (C-V) measurement 
The technique used to estimate doping concentration of the semiconductor and the 
diffusion voltage of the Schottky diode is the capacitance-voltage measurement. Due to 
the strong influence of defects in the diode, C-V measurements are unreliable for this 
purpose but it provides a good indication of the doping concentration of the 
semiconducting material. A Keithly 590 CV analyser operating up to 1 MHz 
modulation frequency was used for CV measurements on CdS/CdTe solar cells. Figure 
7.20 show a typical capacitance value measured at 1 MHz frequency for 2 mm diameter 
Au contact on the best (highest efficiency) device [CdTe grown for 5 hrs (set 2)]. From 
the Figure, the built in potential (Vd) was determined to be ~1.35 eV. A doping 
concentration (ND) of ~2.0 × 10
17
 cm
-3
 was estimated from the gradient of the 
capacitance using equation 2.34 in section 2.3.2.  
 
    
 
Figure 7.20: Schottky-Mott plots of (n-i-p) CdTe layer. 
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7.6 Growth process performance relationship. 
Table 7.6 shows the summary of the relationship between growth process and the 
device performance.  
Table 7.6: Summary of the growth process and device performance relationship. 
Growth 
period (hrs) 
XRD parameters Bandgap  
(eV) 
Cell 
efficiency η 
(%) 
FWHM Grain size, 
D (nm) 
3 0.201 7.4 1.45 2.25 
5 0.217 6.8 1.45 7.60 
8 0.184 8.1 1.45 1.80 
  
From the Table, the CdTe grown for 5 hrs produce the highest efficiency of 7.60%. As 
the thickness of the CdTe layers increases or decreases, the efficiency of the cell goes 
down. These decreases in the efficiency may be due to high resistance created by small 
grains, large recombination and generation process present or detrimental leakage paths 
present within the devices.  
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7.7 Summary 
CdTe (n-i-p) films have been deposited on glass/FTO/CdS substrates using an aqueous 
electrodeposition method. The XRD results for both as deposited and heat treated CdTe 
layers show the cubic CdTe phase with the main diffraction peak at 2θ = 23.6o which 
corresponds to preferred orientation along (111) plane of cubic phase. The main features 
of the diffraction patterns are the same but the peak intensity varies for both as 
deposited and heat treated. As the growth periods increases, the intensity of the (111) 
peak also increases. Two additional peaks (220) and (311) were observed at lower 
growth time periods which indicates a reduced texture in the thinner films. 
Optical absorption measurements show that the bandgap, Eg, for as deposited samples 
lies in the range 1.53 to 1.59 eV. After heat treatment the bandgap values decreased, and 
the absorption edge of the curve sharpened, with Eg ~1.45 eV in all the samples which is 
closer to the CdTe bulk value. The transmission coefficient of as deposited samples 
grown for less than 7 hrs was found to be above 80%. After heat treatment the 
transmission decreases and the absorption edge of all the CdTe films sharpened and 
yield the band edge of the film deposited at 5 and 6 hrs gives the actual cut-off 
wavelength of CdTe ~852 nm. Furthermore, film deposited below 5 hrs shows a wide 
blue shift and red shift is observed for film deposited above 6 hrs from the band edge of 
the CdTe value.  
SEM studies shows as deposited layers have pin holes between the grains. These are 
seen most clearly in the samples grown for 3 and 8 hrs. At 5 hrs growth time, the gaps 
reduce which indicate reasonable thickness. After heat treatment the grain size increased 
and reduced the pin holes. Raman measurements show two peaks related to CdTe layers 
identified at 139-141 cm
-1
 and 160-66 cm
-1
 which correspond to the fundamental 
transverse and longitudinal optical phonons (1TO) and (1LO) respectively. Another 
peak at 120-121 cm
-1
 is known to be the A1 phonon of the pure tellurium phase. The Te 
peak is dominant in the sample grown at 8 hrs and start to decrease as the growth time 
reduced.  
The linear I-V curves of glass/FTO/CdS/(n-i-p)CdTe/Au devices at different growth 
times (set 1) give a maximum efficiency of 3.55% with Voc ~350 mV and Jsc ~29 
mAcm
-2
 for the structure with a CdTe layer grown 4 hrs after the first measurement and 
drops to 2.83% 4 weeks later. The results from set 2 samples give a maximum 
efficiency of 7.60% with Voc ~660 mV, Jsc ~24 mAcm
-2
 and FF ~0.48 for 5 hrs growth 
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of CdTe. As the thickness of the CdTe layer increases or decreases from the optimum, 
the efficiency of the cell goes down. At lower thickness the FF is poor, which may be 
due to high resistance created by small grains, large recombination process present or 
detrimental leakage paths present within the devices. From Log I vs. V results, RF 
~10
3.5
, n value ~1.88 and  eV were achieved. The capacitance-voltage 
measurement gives the Vd ~1.35 eV and doping concentration (ND) of ~2.0 × 10
17
 cm
-3
. 
The results show that adequate thickness of CdTe films is required, hence the objectives 
is achieved.   
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Chapter 8:   Effect of CdCl2/heat treatment on CdS/CdTe solar cells 
 
8.1 Motivation and objectives 
The grains of as deposited samples are disconnected and have a high defect density 
which limits the efficiency of device performance of the solar cells. It is believed that 
CdCl2/heat treatment removes and eliminates these defects and increases the grains to 
become very large. This treatment is an essential step for increasing the efficiency of 
CdS/CdTe solar cell. The aim of this work is to further investigate this crucial step. 
 
8.2 Introduction 
CdCl2/heat treatment is necessary on CdS and CdTe layers before their use in active PV 
solar cells. This treatment provides interfacial intermixing and device activation. 
Samples are heated rapidly and cooled down slowly allowing optimum grain growth 
during recrystallisation, and therefore improve the overall efficiency of the solar cells.  
Many researchers in the field [1-4] have reported that, during this treatment chlorine 
helps the n-type doping, reduce the series resistance and improve the FF. Another 
benefit mentioned is the cementing effect of chlorine to form larger grains. Some of the 
methods used for this treatment includes: vapour [5], evaporated [6] and solution [7] 
CdCl2 treatments. Kampmann et al. [8] reported that solution CdCl2 treatment is the 
most common and simple process which involves soaking CdS and CdTe in methanol 
containing dissolved CdCl2 powder, drying and then heat treatment. 
Six glass/FTO/ED-CdS substrates were used to grow the CdTe layers, three as 
deposited and the remaining CdCl2/heat treated. The growth times for the ED-CdS were 
40, 60 and 80 minutes, and each one of this sample is used to grow the CdTe film for 5 
hrs. The growth voltages were changed in order for the deposition of CdTe layers to 
form (n-i-p), as discussed in chapter 7. Deposition of CdTe films have been discussed in 
section 3.4 of chapter 3. 
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8.3 Characterisation of CdTe 
 
8.3.1 X-ray diffraction 
Figure 8.1 shows the X-ray diffraction patterns for as deposited and heat treated CdTe 
layers deposited on ED-CdS with and without CdCl2/heat treatment. The main 
diffraction peak at 2θ = 23.642o corresponds to preferred orientation along (111) plane 
of cubic phase. This peak was assigned according to the JCPDS (01-075-2086) data on 
cubic CdTe. Figure 8.1 [panel 1, 3 and 5] shows the as deposited ED-CdS for 40, 60 and 
80 minutes used to grow CdTe film, while [panel 2, 4 and 6] are the CdCl2/heat treated 
ED-CdS for the same purpose. From the Figure, apart from the main peak (111), other 
peaks identified from the diffractogram are (220) and (311). These peaks are present in 
all the CdTe films deposited on CdS without CdCl2/heat treatment.  
After CdCl2/heat treatment in air at 400
o
C for 20 minutes (in case of ED-CdS) and 
450
o
C for 15 minutes (in case of CdTe), the intensity of all the peaks decreases due to 
loss of material through sublimation. The decrease in FWHM indicates an increase in 
grain size and/or an improvement in crystallinity.  As shown from the Figure, panel 2 
gives the best CdTe film which indicates crystalline material with diminishing of other 
peaks. Apart from this treatment thickness play an important role in this process. Basio 
et al. [9] reported that CdCl2 acts as a catalyst in the film growth which increases the 
mobilities of Cd atoms and TeO2 molecules. The heat treatment enhances the 
recrystallisation of CdTe films reducing any stress within the films and due to 
sublimation of excess elements from the layer.  
The values of XRD intensity, FWHM and grain size of CdTe layers deposited on CdS 
with and without CdCl2/heat treatment are presented in Table 8.1, estimated using 
equation 2.18 presented in section 2.2.1 of chapter 2. 
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Figure 8.1: X-ray diffraction patterns for as deposited and CdCl2/heat treated (n-i-p) 
CdTe layers grown on ED-CdS as deposited [panel 1 = 40 min, panel 3 = 60 min and 
panel 5 = 80 min] and CdCl2/heat treated [panel 2 = 40 min, panel 4 = 60 min and panel 
6 = 80 min] (* indicates Te peak). 
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Table 8.1: XRD intensity, FWHM and grain size of CdTe layers grown on ED-CdS 
with and without CdCl2/heat treatment. [AD = as deposited and HT = heat treated] 
Growth period 
of ED-CdS 
(minutes) 
XRD Intensity (arb. units) 
AD/AD AD/HT HT/AD HT/HT 
40 6198 3648 8617 5319 
60 4753 1943 6930 5180 
80 3143 2133 6921 5770 
 FWHM 
40 0.150 0.134 0.117 0.107 
60 0.177 0.137 0.117 0.100 
80 0.251 0.217 0.163 0.152 
 Grain size (nm)  
40 11.4 11.9 13.1 14.4 
60 10.2 10.8 12.3 13.1 
80 8.4 9.1 10.2 11.5 
 
From the Table, it is observed that the crystallite size for heat treated sample increases 
and the FWHM decreases; this is due to the coalescence of small crystals and the 
growth of larger grains. Furthermore, the FWHM was found to decrease after 
CdCl2/heat treatment. Such an effect is due to the decrease in the concentration of lattice 
imperfections as a result of a decrease in the internal micro strain within the films or an 
increase in the crystallite size. Figures 8.2, 8.3 and 8.4 show the XRD intensity, FWHM 
and grain size at various CdCl2/heat treatment conditions. These results indicate that the 
largest grains size of CdTe is obtained when CdTe layers are grown on heat treated 
CdS, and CdTe layer is heat treated. 
 
Figure 8.2: XRD intensity of (111) peak observed for (n-i-p) CdTe layers at different 
conditions grown on ED-CdS (a) 40 minutes, (b) 60 minutes and (c) 80 minutes. 
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Figure 8.3: FWHM of (111) peak observed for (n-i-p) CdTe layers at different 
conditions grown on ED-CdS (a) 40 minutes, (b) 60 minutes and (c) 80 minutes. 
  
Figure 8.4: Grain size of (111) peak observed for (n-i-p) CdTe layers at different 
conditions grown on ED-CdS (a) 40 minutes, (b) 60 minutes and (c) 80 minutes. 
 
8.3.2 Optical absorption 
Optical absorption measurements were carried out in order to evaluate the bandgap of 
materials. Figure 8.5 shows the graphs of optical absorption for as deposited and 
CdCl2/heat treated CdTe layers grown on ED-CdS with and without CdCl2/heat 
treatment. Using equation 2.21 on section 2.2.3, chapter 2, the bandgap energy, Eg was 
determined by plotting the square of absorption (A
2
) against photon energy (hv). As 
shown from the Figure, the treated CdS/CdTe films had a sharp absorption edge of the 
curve and Eg is 1.45 eV, which is close to the bulk value for CdTe. The reason for the 
sharpening might be due to a change in the stoichiometry or reduction of intrinsic defect 
population of the treated samples. Rami et al. [3] reported that the shift in the bandgap 
after this treatment is due to the formation of CdSxTe(1-x). The bandgap energy of the 
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untreated CdS/CdTe films deteriorates and its absorption edge shifted to the blue region. 
This must be due to the quantum effects arising from small grains present in the layers. 
Table 8.2 gives the bandgap values of CdTe layers grown on ED-CdS with and without 
CdCl2/heat treatment and Figure 8.6 shows the bandgap energy at different CdCl2/heat 
treatment conditions.  
 
 
Figure 8.5: Optical absorption curves for (n-i-p) CdTe layer grown on ED-CdS 
without and with CdCl2/heat treatment. ED-CdS layers used were grown for (a) 40 
minutes, (b) 60 minutes and (c) 80 minutes. 
 
Energy (eV) Energy (eV) 
Energy (eV) 
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Table 8.2: Bandgap energy of CdTe layers grown on ED-CdS with and without 
CdCl2/heat treatment [AD = as deposited and HT = heat treated]. 
Growth period 
of ED-CdS 
(minutes) 
Bandgap (eV) 
AD/AD AD/HT HT/AD HT/HT 
40 1.57 1.55 1.48 1.45 
60 1.58 1.56 1.55 1.46 
80 1.58 1.57 1.56 1.47 
 
As shown from Table 8.2, the bandgap energies of the untreated CdS/CdTe films are 
higher and decrease gradually as the condition improved. The bandgap energy for the 
treated films gives ~1.45 – 1.47 eV. The reason for this may be due to a change in the 
stoichiometry, reduction of intrinsic defect population and improved crystallinity 
removing quantum effects after the CdCl2/heat treatment condition. The slight increase 
of the bandgap from 1.43 eV is ascribed to the intermixing of CdS and CdTe at the 
interface to form CdSxTe(1-x).    
 
Figure 8.6: Bandgap energy for (n-i-p) CdTe layer grown on ED-CdS without and 
with CdCl2/heat treatment. ED-CdS layers used were grown for (a) 40 minutes, (b) 60 
minutes and (c) 80 minutes. 
 
The optical transmission spectra for as deposited and CdCl2/heat treated CdTe layers 
grown on ED-CdS with and without CdCl2/heat treatment are shown in Figure 8.7. 
Measurements were taken in the wavelength range 600 – 1000 nm on the deposited 
films. The transmission coefficient of all the untreated CdS/CdTe films was found to be 
above 80% with the absorption edge shifted to the blue region. As the condition 
improved, the transmission coefficient and the absorption edge decrease. Furthermore, it 
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is observed from the Figure, the band edge of the treated films gives the cut-off 
wavelength of CdTe ~852 nm and the absorption edge shifted to the red region. These 
results confirm the effective absorption of IR-radiation by the CdS(HT)/CdTe(HT) 
layers, making the layers most suitable as absorber layer in solar cells. The red-shift 
also confirms the reduction of Eg value reaching the bulk-Eg value of CdTe due to 
improved crystallinity by heat treatment.  
 
  
Figure 8.7: Transmission plots for (n-i-p) CdTe layer grown on ED-CdS without and 
with CdCl2/heat treatment. ED-CdS layers used were grown for (a) 40 minutes, (b) 60 
minutes and (c) 80 minutes. 
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8.3.3 Scanning Electron Microscopy 
SEM studies were carried out to investigate the surface morphology, grain size and 
uniformity of CdTe layers grown on ED-CdS with and without CdCl2/heat treatment. 
Figure 8.8 shows the SEM images of CdTe layers at different CdCl2/heat treatment 
conditions. As shown from the Figure, untreated samples show a lot of pin holes (gaps) 
between the grains, as results it shorts the devices and therefore the efficiency suffers. 
The pin hole (gap) diminishes as the treatment condition improved. These results 
confirmed that heat treatment enhances the recrystallisation and coalesce grains to fill 
the gaps and forms a uniform thin layer of CdTe.  
 
  
  
 
Figure 8.8: SEM images of (n-i-p) CdTe layers at different CdCl2/heat treatment 
conditions. 
 
CdS(HT)/CdTe(HT) CdS(HT)/CdTe(AD) 
CdS(AD)/CdTe(HT) CdS(AD)/CdTe(AD) 
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8.3.4 Energy Dispersive X-ray 
Energy dispersive x-ray (EDX) technique was carried out to investigate the qualitative 
elemental analysis of CdTe layers. The EDX spectra of (n-i-p) CdTe layers grown on 
ED-CdS at different CdCl2/heat treatment conditions are shown in Figures 7.9. In all 
these spectra, the presence of both Cd and Te was observed. The appearance of chlorine 
peak was seen on the treated CdS/CdTe films. The atomic composition of Cd:Te 
estimated from the spectra is 57.4:42.6 for untreated sample and 58.3:41.7 for treated 
CdS/CdTe films. This analysis confirms the reduction of Te in layers after CdCl2 
treatment. 
 
     
 
 
 
 
 
 
 
 
 
 
Figure 8.9: EDX spectra of (n-i-p) CdTe layers at different CdCl2/heat treatment 
conditions. 
 
8.3.5 Raman Spectroscopy 
The molecular structure and identification of phases of the material was explored using 
Raman technique. Figure 8.10 shows the Raman spectra of a thick CdTe layer grown on 
InSb substrate, for comparison [10]. Also shown in Figure 8.11 are the Raman spectra 
of CdTe layers grown on ED-CdS without (a) and with (b) CdCl2/heat treatment.  
CdS(AD)/CdTe(AD) CdS(AD)/CdTe(HT) 
CdS(HT)/CdTe(AD) CdS(HT)/CdTe(HT) 
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Figure 8.10: Raman spectra of a thick CdTe layer grown on InSb substrate [10]. 
      
     
Figure 8.11: Raman spectra of (n-i-p) CdTe layers grown on ED-CdS (a) 
CdS(AD)/CdTe(AD) and (b) CdS(HT)/CdTe(HT) (courtesy: Inst. of Mater. Research, 
Univ. of Leeds). 
 
As shown in Figure 8.11 (a), only one peak related to CdTe layers identified at 140 cm
-1
 
which correspond to fundamental transverse optical phonons (1TO), while the other 
peak disappeared. The A1 phonon of the pure tellurium phase appears at 120 cm
-1
 
indicating presence of precipitated Te in the layers. The formation of tellurium in the 
film is detrimental to the CdTe layer which could lead to short-circuiting in the device 
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performance. The presence of Te in the CdTe layer reduces the crystallinity. This also 
makes the CdTe layer p-type instead of n-type, required for high efficiency solar cells. 
The two peaks related to CdTe layers identified at 143 cm
-1
 and 169 cm
-1
 are present 
indicating the improvement of CdTe quality in the films as shown in Figure 8.11 (b). 
These peaks correspond to (1TO) and (1LO) respectively. The pure tellurium peak also 
observed at 122 cm
-1
 corresponding to A1 phonon. All these peaks are very close to 
those reported by other researchers in the field [11-13]. After CdCl2 treatment, the 
intensity of A1(Te) has reduced indicating the reduction of precipitated Te in the layers 
during CdCl2 treatment, improving the quality of CdTe layer.  This treatment also helps 
in doping the CdTe layer, n-type using the well-known dopant (Cl) of CdTe. 
 
8.4 Device characterisation 
As discussed in chapter 6, the completed glass/FTO/CdS/CdTe/Au contacts were then 
assessed using I-V technique. 
 
8.4.1 Current-voltage (I-V) characteristics 
Figures 8.12, 8.13 and 8.14 show the linear I-V curves of glass/FTO/CdS/CdTe/Au 
contacts under AM 1.5 illuminations, for devices with CdTe layers grown on ED-CdS at 
different CdCl2/heat treatment conditions. Table 8.3 shows the results of Voc, Jsc, FF and 
η of fully fabricated CdTe solar cells. The maximum efficiency of 3.71% with Voc ~530 
mV and FF ~0.50% were achieved for devices with CdTe layers grown on ED-CdS 
deposited for 40 minutes with ClCl2/heat treatment.  
Table 8.3: Cell parameters under illumination of (n-i-p) CdTe thin film solar cells at 
different CdCl2/heat treatment conditions.  
Growth period 
of ED-CdS 
(minutes) 
Voc (mV) 
AD/AD AD/HT HT/AD HT/HT 
40 450 440 450 530 
60 530 440 460 440 
80 380 370 440 410 
 Jsc (mAcm
-2
) 
40 7 7 10.5 14 
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60 6 7 12 18 
80 5 12.5 16 18 
 FF (%) 
40 0.27 0.37 0.36 0.50 
60 0.26 0.37 0.33 0.38 
80 0.26 0.44 0.35 0.37 
 Efficiency (%) 
40 0.85 1.14 1.70 3.71 
60 0.82 1.14 1.82 3.01 
80 0.50 2.04 2.46 2.73 
 
N/B: AD = as deposited and HT = CdCl2/heat treated 
From the Table above, it is observed that the efficiency increases as the CdCl2/heat 
treatment condition improved. It is reported by Romeo et al. [14] and Mazzamuto et al. 
[6] that, a weak junction is formed if the CdTe grows on the surface of untreated CdS 
surface. This is because the CdS crystallites are very small and expose a large surface to 
CdTe attack, thus allowing a slow transition CdS → CdTe. On the other hand, if the 
CdTe grows on the surface of a CdS layer previously treated with CdCl2, then the good 
morphology and compactness of the polycrystalline film does not allow marked mixing 
thereby favouring the formation of an abrupt junction. Figure 8.15 show the individual 
graphs of Voc, Jsc, FF and of glass/FTO/CdS/CdTe/Au/contacts. 
 
Figure 8.12: Linear I-V curve of glass/FTO/CdS/CdTe/Au contacts under AM 1.5 
illumination condition for  (n-i-p) CdTe layers grown on ED-CdS deposited at 40 
179 
 
minutes; (a) CdS(AD)/CdTe(AD), (b) CdS(AD)/CdTe(HT), (c) CdS(HT)/CdTe(AD) 
and (d) CdS(HT)/CdTe(HT). 
 
 
Figure 8.13: Linear I-V curve of glass/FTO/CdS/CdTe/Au contacts under AM 1.5 
illumination condition for (n-i-p) CdTe layers grown on ED-CdS deposited at 60 
minutes; (a) CdS(AD)/CdTe(AD), (b) CdS(AD)/CdTe(HT), (c) CdS(HT)/CdTe(AD) 
and (d) CdS(HT)/CdTe(HT). 
 
 
 
Figure 8.14: Linear I-V curve of glass/FTO/CdS/CdTe/Au contacts under AM 1.5 
illumination condition for (n-i-p) CdTe layers grown on ED-CdS deposited at 80 
minutes; (a) CdS(AD)/CdTe(AD), (b) CdS(AD)/CdTe(HT), (c) CdS(HT)/CdTe(AD) 
and (d) CdS(HT)/CdTe(HT) 
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Figure 8.14: Cell parameters of (n-i-p) CdTe layers grown on ED-CdS at (a) 40 
minutes, (b) 60 minutes and (c) 80 minutes under different CdCl2/heat treatment 
conditions. 
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8.5 Process performance relationship.  
Table 8.6 shows the summary of the relationship between the device processing and 
performance. This process focuses on the effect of treated and untreated CdS and CdTe 
layers.  It is clear that, the crystallite size for heat treated sample increases and the 
FWHM decreases, while the bandgap energies of the untreated CdS/CdTe films are 
higher. Furthermore, the maximum efficiency of 3.71% was achieved for devices with 
CdTe layers grown on ED-CdS deposited for 40 minutes with ClCl2/heat treatment.  
Table 8.5: The summary of relationship between process and device performance. 
Growth 
period of 
CdS 
(min) 
XRD parameters Bandgap  
(eV) 
Cell efficiency, 
η (%) 
FWHM Grain size, 
D (nm) 
AD HT AD HT AD HT AD HT 
40 0.150 0.100 11.4 14.1 1.57 1.45 0.85 3.71 
60 0.177 0.107 10.2 13.1 1.58 1.46 0.82 3.01 
80 0.251 0.152 8.4 11.5 1.58 1.47 0.50 2.73 
  
N/B: AD = untreated films (both CdS and CdTe are as deposited) and HT = treated 
films (both CdS and CdTe are heat treated). 
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8.6 Summary 
CdTe has been deposited on glass/FTO/CdS substrates using low-cost aqueous 
electrodeposition method using a two-electrode system. The XRD results for both as 
deposited and heat treated CdTe layers have cubic structure with the main diffraction 
peak at 2θ = 23.642o which corresponds to preferred orientation along (111) plane of 
cubic phase. Apart from the main peak (111), other peaks identified from the 
diffractogram are (220) and (311). These peaks are present in all the CdTe films 
deposited on untreated ED-CdS and as the condition improves the two peaks almost 
diminish for treated films grown on ED-CdS for 40 minutes. This indicates the presence 
of only (111) peak for highly textured films which have larger grains. 
The optical absorption measurement shows that the treated CdS/CdTe films have a 
sharp absorption edge and a bandgap of 1.45 eV which is closer to the CdTe bulk value. 
The bandgap energy of the untreated CdS/CdTe films is larger and its absorption edge 
deviated from its sharp nature. The transmission coefficient of all the untreated 
CdS/CdTe films was found to be above 80% with the absorption edge shifted to the blue 
region. As the condition improve, the transmission coefficient reduces and the 
absorption edge increases giving the actual cut-off wavelength of CdTe ~852 nm for 
treated films. Therefore, treated films are the most suitable absorbers for fabrication of 
solar cells, based on CdS/CdTe system. 
SEM studies show that untreated samples show higher density of pin holes or gaps 
between the grains. The pin holes density diminishes as the treatment condition 
improved and the presence of these voids seem to be one of the main reasons for poor 
and inconsistent device performance. EDX spectra indicate the presence of both Cd and 
Te in these layers. The approximate atomic composition of Cd:Te estimated from the 
spectra is 57.4:42.6 for untreated sample and 58.3:41.7 for treated CdS/CdTe films. The 
CdCl2 treatment reduces the amount of precipitated Te in these layers, hence improving 
the device performance. The layers used in this work are rich in Cd, deviating from 
stoichiometric situation. This may be one reason for low efficiencies (~3-4%) of devices 
fabricated using these layers.  
Raman measurements indicate the presence of elemental Te in these thin films most 
probably due to precipitation. A strong Te- peak is observed in the untreated sample, the 
formation of Te in the film is detrimental to the CdTe layer which could lead to short-
circuiting in the device performance. The presence of Te in the CdTe layer reduces the 
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crystallinity. This is confirmed by the presence of strong A1 phonons for pure Te at 
120-122 cm
-1
. The presence of Te in CdTe (Te-rich CdTe) is detrimental for device 
performance since Te-rich CdTe layers have defects at 0.65 eV and 0.72 eV as reported 
by Dharmadasa [15]. These defects are right in the middle of the bandgap and hence 
maximise recombination process, drastically reducing the device performance. This also 
makes the CdTe layer p-type instead of n-type, required for high efficiency solar cells. 
After CdCl2/heat treatment, the Te peak intensity reduces, and CdTe peaks improve 
appearing the second peak at 169 cm
-1
. This is strong evidence for removal of 
precipitated Te from CdTe layer during CdCl2-heat treatment process. If there is any 
surface Te-layer, CdCl2-treatment helps in converting some of the free Te into CdTe 
compound. This treatment also helps in doping the CdTe layer, n-type using the well-
known dopant (Cl) of CdTe.  
The linear I-V curves of glass/FTO/CdS/CdTe/Au contact under AM 1.5 illumination at 
different CdCl2/heat treatment condition indicate that a maximum efficiency of 3.71% 
with Voc ~530 mV and FF ~0.50% was achieved by CdTe layers grown on treated ED-
CdS deposited for 40 minutes. The efficiency decreases drastically as a result of poor or 
weak interface formed if the CdTe grows on the surface of untreated CdS surface. This 
is because the CdS crystallites being very small expose to a large surface area to CdTe 
attack, thus allowing a slow transition CdS → CdTe. Literature shows that the presence 
of Cl
-
 has a cementing effect in order to make larger grains. The pin holes are dominant 
in the untreated sample as a result it shorts the devices and therefore the efficiency 
suffers as shown from the I-V measurements. Although the number of measured devices 
are low (12-devices) for statistics, the emergence of groups of Voc are apparent as first 
reported by Dharmadasa et al in 2002 [1]. The objectives of this chapter has been 
achieved, therefore, both layers (CdS and CdTe) must undergo CdCl2/heat treatment. 
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Chapter 9:   Effect of CdS thickness on CdS/CdTe solar cell 
performance 
 
9.1 Motivation and objectives 
The aim of this chapter is to investigate the effect of CdS layer thickness on CdS/CdTe 
solar cell performance. If a CdS film is very thin, pin holes generation is possible due to 
the growth of CdS crystal/grains as islands. Again, when the CdS is very thick, CdTe 
growth is difficult may be due to the resistive layer created. It is known in the literature, 
that CdTe solar cell performance strongly depends on the CdS layer thickness.  
 
9.2 Introduction 
CdS, being a window layer, is exposed to the incident radiation and absorbs light of 
short wavelength while the rest is transmitted through to the CdTe material. A CdS 
layer provides a better nucleation surface for CdTe layer to grow uniformly and 
contributes to the internal electric field necessary for separation of photogenerated 
charge carriers to prevent recombination within the PV cell.  
Han et al [1] have reported that the performance of CdTe solar cells strongly depends on 
the CdS layer thickness. They have also explained that at lower thickness an appropriate 
Jsc can be achieved but the Voc and FF suffer due to pin holes and leakage along the 
grain boundaries. Similarly, Rose et al [2] have reported that, when the thickness is 
higher, the Jsc value suffers due to absorption within the CdS layer. Therefore, the 
thickness of CdS should be optimised. The work presented in this chapter is to 
investigate the effect of CdS layer thickness on CdS/CdTe solar cells performance.  
Five glass/FTO/ED-CdS substrates with different CdS layer thickness were used to 
grow the CdTe layers. The growth times for the ED-CdS were 20, 30, 40, 50 and 60 
minutes, and each one of these samples is used to grow the CdTe film for 5 hrs. The 
growth voltages were changed in order for the deposition of CdTe layers to form (n-i-p), 
as discussed in chapter 7. Deposition of CdTe films have been discussed in section 3.4 
of chapter 3. 
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9.3 Thickness measurement 
Table 9.1 shows the predicted thickness of CdS layer grown for different growth times 
using Faraday‟s equation (discussed in section 2.1.6.2 of chapter 2). Figure 9.1 shows 
the graph of CdS layer thickness against growth time.  
Table 9.1: Predicted CdS thickness against growth time. 
Growth time 
(seconds) 
Thickness 
±5 (nm) 
20 28 
30 39 
40 47 
50 64 
60 90 
 
As shown on the Table, as the growth time increases the thickness of the CdS layer is 
predicted to increase. Chu et al [3] have reported that a CdS layer ~90 nm thick can 
absorb about 63% of the incident radiation that has photon energy greater than the 
bandgap. 
 
Figure 9.1: CdS thickness as a function of growth time. 
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9.4 Characterisation of CdTe 
9.4.1 X-ray diffraction 
Figure 9.2 shows the X-ray diffraction patterns for as deposited and heat treated CdTe 
layers deposited on ED-CdS for different times. The main diffraction peak at 2θ = 
23.642
o
 corresponds to preferred orientation along (111) plane of cubic phase. This peak 
was assigned according to the JCPDS (01-075-2086) data on cubic CdTe. From the 
Figure, apart from the main peak (111), other peaks identified from the diffractogram 
are (220) and (311). These peaks are present in all the CdTe films deposited on CdS 
except for 40 minutes. This indicates that at lower and higher thickness of CdS the 
CdTe films grow with lower crystallinity.     
After heat treatment in air at 450
o
C for 15 minutes, the intensity of all the peaks except 
for the thinnest decreases, possibly due to loss of material through sublimation. The 
decrease in FWHM indicates an increase in grain size and/or an improvement in 
crystallinity. The heat treatment enhances the recrystallisation of CdTe films reducing 
any stress within the films and due to sublimation of excess elements from the layer. 
The values of XRD intensity, FWHM and D of (n-i-p) CdTe layers deposited on CdS at 
different growth time are presented in Table 9.2 using equation 2.18 given in section 
2.2.1 of chapter 2. 
Table 9.2: XRD intensity, FWHM and grain size of CdTe grown on CdS at 
different growth time [AD = as deposited and HT = heat treated]. 
Growth 
time  
(minutes) 
XRD Intensity 
(arb. units) 
FWHM Grain size, D (nm) 
AD HT AD HT AD HT 
20 5264 5661 0.167 0.150 9.2 11.0 
30 6441 5992 0.150 0.134 10.2 12.2 
40 8000 7000 0.117 0.100 13.1 15.3 
50 7683 6159 0.148 0.130 10.7 11.9 
60 9786 5876 0.150 0.134 10.2 11.4 
 
From the Table, it is observed that the grain size for heat treated sample increases and 
the FWHM decreases; this is due to the coalescence of small crystals and the formation 
of large grains. Furthermore, at higher and lower thickness of CdS (i.e. greater or less 
than 40 minutes) the grain size decreases and FWHM increases. This shows that 
thickness plays an important role in giving a better nucleation surface for CdTe growth. 
188 
 
Figures 9.3, 9.4 and 9.5 shows the XRD intensity, FWHM and grain size of CdTe layer 
grown on CdS at different growth period. 
 
  
     
 
Figure 9.2: X-ray diffraction pattern of CdTe layer grown on different CdS grown 
for [panel 1 = 20 min, panel 2 = 30 min, panel 3 = 40 min, panel 4 = 50 min and panel 5 
= 60 min] (a) as deposited and (b) heat treated (* indicates Te peak). 
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Figure 9.3: XRD intensity of (111) peak observed for (n-i-p) CdTe layers grown on 
different CdS thickness. 
 
Figure 9.4: FWHM of (111) peak observed for (n-i-p) CdTe layers grown on 
different CdS thickness. 
  
Figure 9.5: Grain sizes estimated from (111) peak observed for (n-i-p) CdTe layers 
grown on different CdS thickness. 
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9.4.2 Optical absorption 
Optical absorption measurements were carried out in order to evaluate the bandgap of 
materials. Figure 9.6 shows the graphs of optical absorption for as deposited and heat 
treated CdTe layers grown on ED-CdS at different growth time. Using equation 2.21 on 
section 2.2.3 in chapter 2, the bandgap energy, Eg was determined by plotting the square 
of absorption (A
2
) against photon energy (hv). As shown from the Figure, the value of 
Eg for as deposited CdTe is between 1.56 - 1.55 eV. After heat treatment in air at 450
o
C 
for 15 minutes there was a sharp absorption edge of the curve and a bandgap of 1.45 eV 
which is close to the bulk value for CdTe. The reason for the absorption edge 
sharpening might be due to a change in the stoichiometry or reduction of intrinsic defect 
population of the treated samples. Table 9.3 gives the bandgap values of CdTe layers 
grown on different thicknesses of CdS and Figure 9.7 shows the graphical presentation 
of the same results.  
 
 
Figure 9.6: Optical absorption curves for (n-i-p) CdTe layers grown for 5 hrs on CdS 
grown for [a = 40 min, b = 30 min, c = 50 min, d = 60 min and e = 20 min] (panel 1) as 
deposited and (panel 2) heat treated. 
 
 
Energy (eV) Energy (eV) 
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Table 9.3: Bandgap energy of (n-i-p) CdTe layers grown on ED-CdS at different 
growth time [AD = as deposited and HT = heat treated]. 
Growth 
time  
(minutes) 
Bandgap (eV) 
AD HT 
20 1.56 1.45 
30 1.55 1.45 
40 1.55 1.45 
50 1.56 1.45 
60 1.56 1.45 
 
 As shown from Table 9.3, the bandgap energies for as deposited CdTe films are higher 
than bulk, whereas the bandgap energy of all the films after heat treatment is 1.45 eV 
which is close to the bulk CdTe value. The reason for this may be a change in the 
stoichiometry, a reduction in the intrinsic defect population and improved crystallinity, 
or a larger grain size removing quantum effects.  
 
Figure 9.7: Bandgap energy for (n-i-p) CdTe layer grown on ED-CdS at different 
growth time. 
 
The optical transmission spectra for as deposited and heat treated (n-i-p) CdTe layers 
grown on ED-CdS at different thickness are shown in Figure 9.8. Measurements were 
taken in the wavelength range 600 – 1000 nm on the deposited films. The transmission 
coefficient for as deposited CdTe layers grown on CdS deposited for 40 minutes was 
found to be less than  70% while others have more than 80% with the absorption edge 
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shifted to the blue region. After heat treatment the transmission coefficient decreases 
and the absorption edge of all the CdTe films sharpened with a slight shift to the red.  
Metin and Esen [4] reported that a sharper absorption edge indicates fewer defect and 
impurity energy levels in the film. It has also been reported that when the CdS is very 
thin, there is higher transmission of photons [5]. Furthermore, it is observed from Figure 
9.8 panel 2 that the band edge of the films grown on CdS deposited for 40 minutes gives 
the cut-off wavelength of CdTe ~852 nm with a transmission coefficient ~43% and the 
absorption edge shifted to the red. This shows that light absorption is very good in CdTe 
and hence generation of e-h pairs is higher, improving the efficiency of the devices. At 
higher and lower CdS thickness, light absorption is weak which made the efficiency 
poor. 
 
Figure 9.8: Optical absorption curves for (n-i-p) CdTe layers grown on CdS 
deposited for [a = 40 min, b = 30 min, c = 50 min, d = 60 min and e = 20 min] (panel 1) 
as deposited and (panel 2) heat treated. 
 
9.4.3 Scanning Electron Microscopy 
SEM studies were carried out to investigate the surface morphology, grain size and 
uniformity of CdTe layers grown on ED-CdS at different thickness. Figure 9.9 [a, b and 
c] and [d, e and f] shows the SEM images of CdTe layers grown for 5 hrs on CdS grown 
for 20, 40 and 60 minutes, as deposited and heat treated respectively. As seen in the 
Figure, the as deposited samples show a lot of pin holes (gaps) between the grains. The 
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gaps seem to be dominant in CdTe grown on the thinnest CdS layer. If a CdS film is 
very thin, pin holes generation is possible due to the growth of CdS as islands, and 
therefore the device performance is poor due to shorting the back metal contact to the 
front TCO layer. CdTe grows better on CdS layers with moderate thickness. The pin 
holes reduce after the heat treatment, with larger grains observed on the CdTe films 
deposited on CdS layers grown for 40 minutes. These results confirmed that heat 
treatment enhances the recrystallisation and coalesce grains to fill the gaps between 
grains.  
     
    
     
Figure 9.9: SEM images for (n-i-p) CdTe layers grown on CdS deposited for [a = 20 
min, b = 40 and c = 60 min] as deposited and [d = 20 min, e = 40 min and f = 60 min] 
heat treated. 
These undesirable gaps are also found in CdTe layers grown on ED-CdS layers grown 
for 60 minutes. The CdTe growth is columnar and therefore some layers grow on the 
FTO and others on the CdS producing two parallel diodes with very different qualities. 
(a) 
(c) 
(e) (b) 
(d) 
(f) 
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Similarly, when the CdS is very thick, CdTe growth is difficult may be due to the 
resistive layer created.  
 
9.4.4 Energy Dispersive X-ray 
Energy dispersive x-ray (EDX) technique was carried out to investigate the qualitative 
elemental analysis of the CdTe layers. The EDX spectra of (n-i-p) heat treated CdTe 
layers grown on ED-CdS at different thickness are shown in Figures 9.10. In all these 
spectra, the presence of both Cd and Te peaks were observed. The appearance of 
sulphur peaks in (a) is may be due to the thickness of the CdS layer used which is ~28 
nm estimated from Table 9.1 in section 9.3. Chlorine peak is also observed in (b) as a 
result of moderate thickness of CdS ~47 nm. The atomic composition of Cd:Te 
estimated from the spectra are 45.7:54.3, 53.2:46.8 and 51.6:48.4 for CdTe layers grown 
on CdS deposited for 20, 40 and 60 minutes respectively. 
 
  
 
 
 
 
 
 
 
 
Figure 9.10: EDX spectra for heat treated (n-i-p) CdTe layers grown on CdS 
deposited for (a) 20 min, (b) 40 min and (c) 60 minutes. 
 
 
 
(a) (b) 
(c) 
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9.4.5 Raman Spectroscopy 
The molecular structure and identification of phases in films was explored using Raman 
spectroscopy. The Raman spectrum of a thick CdTe layer grown on InSb substrate is 
shown in Figure 9.11 for comparison [6]. Figure 9.12 shows the Raman spectra for heat 
treated (n-i-p) CdTe layers grown on CdS at different thickness.  
 
Figure 9.11: Raman spectrum of a thick CdTe layer grown on InSb substrate [6]. 
   
 
Figure 9.12: Raman spectra for heat treated (n-i-p) CdTe layers grown on CdS for (a) 
20 minutes, (b) 40 minutes and (c) 60 minutes (courtesy: Inst. of Mater. Research, Univ. 
of Leeds). 
196 
 
As shown in Figure 8.12, the A1 phonon 121 - 123 cm
-1 
of the pure tellurium phase is 
present in all the films. Also observed are two peaks related to CdTe which correspond 
to fundamental transverse (1TO) 140 - 142 cm
-1
 and longitudinal optical phonons (1LO) 
163 - 169 cm
-1
. The LO(CdTe) peak is very weak in the film grown on CdS deposited 
for 20 minutes. All these peaks are very close to those reported by other researchers in 
the field [7-9]. For ideal CdTe material, where there is no precipitation of elemental Te, 
the peak at 121-123 cm
-1
 should not be present. 
 
9.5 Device characterisation 
As discussed in chapter 6, the completed glass/FTO/CdS/(n-i-p)CdTe/Au contacts were 
then assessed using I-V technique. 
 
9.5.1 Current-voltage (I-V) characteristics 
Figure 9.13 show the linear I-V curves of glass/FTO/CdS/(n-i-p)CdTe/Au contacts 
under AM 1.5 illumination for devices with CdTe layers grown on ED-CdS of different 
thickness.  
 
Figure 9.13: Linear I-V curve of glass/FTO/CdS/(n-i-p)CdTe/Au contact under AM 
1.5 illumination condition for CdTe layers grown on ED-CdS deposited for (a) 20 
minutes, (b) 30 minutes, (c) 50 minutes, (d) 60 minutes and (e) 40 minutes. 
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Table 9.4 gives the values of Voc, Jsc, FF and η of the fully fabricated CdTe solar cells. 
A maximum efficiency of 4.48% with Voc ~610 mV and Jsc ~21 mAcm
-2
 was achieved 
for devices with CdTe layers grown on ED-CdS deposited for 40 minutes. 
Table 9.4: Cell parameters under illumination of CdTe thin film solar cells grown 
on CdS at different thicknesses.  
Growth 
time 
(minutes) 
Cell parameters 
Voc (mV) Jsc 
(mAcm
-2
) 
FF (%) η (%) 
20 370 13 0.28 1.35 
30 410 16 0.27 1.77 
40 610 21 0.35 4.48 
50 540 14 0.49 3.70 
60 660 18 0.30 3.56 
 
From the Table above, it is observed that the efficiency of the CdTe films grown on 
CdS of lower and higher thicknesses decreases. It has been reported by Han et al. [1] 
that the poor performance is due to more shunt paths in the thinner CdS layer or inter-
diffusion at the interface between CdTe & CdS. Similar observations are reported by 
Hadrich et al [10] and Krishnakumar et al [11]. It is desirable to reduce the CdS 
thickness in order to reduce losses in quantum efficiency and Jsc [10, 11]. Figure 9.14 
shows the individual graphs of Voc, Jsc, FF and of glass/FTO/CdS/(n-i-
p)CdTe/Au/contacts. 
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Figure 9.14: Cell parameters of (n-i-p) CdTe layers grown on ED-CdS for different 
thickness. 
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9.6 Process performance relationship. 
Table 9.6 shows the summary of the relationship between the process and device 
performance. It is clear from the results that CdTe deposited on CdS grown for 40 
minutes (~47 nm) produce devices with better performance. 
Table 9.5: The summary of process performance relation according to growth 
periods of CdS. 
Growth time 
of CdS (min) 
XRD parameters Bandgap  
(eV) 
Cell 
efficiency, 
η (%) 
FWHM Grain size, 
D (nm) 
20 0.167 9.2 1.45 1.35 
40 0.100 15.3 1.45 4.48 
60 0.134 11.4 1.45 3.56 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
200 
 
9.7 Summary 
CdTe has been deposited on glass/FTO/CdS substrates using a low-cost aqueous 
electrodeposition method using two-electrode system. The XRD results for both as 
deposited and heat treated CdTe layers have cubic structure with the main diffraction 
peak at 2θ = 23.642o which corresponds to preferred orientation along (111) plane of 
cubic phase. Apart from the main peak (111), other peaks identified from the 
diffractogram are (220) and (311). These peaks are present in all the CdTe films grown 
on CdS except for 40 minutes. This indicates that at lower and higher thickness the 
CdTe films grow with lower preferred orientation. 
The optical absorption measurements show the bandgap, Eg for as deposited samples is 
between 1.56 - 1.55 eV. After heat treatment in air at 450
o
C for 15 minutes the bandgap 
values of all the films decreased and produced a sharp absorption edge with a bandgap 
of 1.45 eV which is closer to the Eg of the CdTe bulk material. The transmission of as 
deposited CdTe layers grown on CdS deposited for 40 minutes was found to be less 
than 70% while all the others have more than 80%. After heat treatment the 
transmission decreases and the absorption edge of all the CdTe films sharpened with a 
slight shift to the red region. It is known from the literature [1], that CdTe solar cell 
performance strongly depends on the CdS layer thickness. The transmission coefficient 
shows ~43% for the CdTe deposited on CdS grown for 40 minutes. This shows that 
light absorption is very good in CdTe and hence generation of e-h pairs is higher, 
improving the efficiency of the devices. At higher and lower CdS thickness, light 
absorption is weak which made the efficiency poor.  
As shown from the SEM results, as deposited samples show a lot of pin holes (gaps) 
between the grains. The pin holes density is higher in the films grown on the thinnest 
CdS layer. The pin holes diminish after the heat treatment with larger grains observed 
on the CdTe films deposited on CdS for 40 minutes. These undesirable gaps are also 
found in CdTe layers grown on ED-CdS layers grown for 60 minutes. CdTe grows 
better on CdS layers with moderate thickness. If a CdS film is very thin, pin holes 
generation is possible due to the growth of CdS as islands. The CdTe growth is 
columnar and therefore some layers grow on the FTO and others on the CdS producing 
two parallel diodes with very different qualities. Similarly, when the CdS is very thick, 
CdTe growth is difficult may be due to the resistive layer created.  
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The EDX spectra of (n-i-p) heat treated CdTe layers grown on ED-CdS of different 
thicknesses indicate the presence of both Cd and Te in the films. The approximate 
atomic composition of Cd:Te estimated from the spectra are 45.7:54.3, 53.2:46.8 and 
51.6:48.4 for CdTe layers grown on CdS deposited for 20, 40 and 60 minutes 
respectively. Raman spectra show that A1 phonon of elemental tellurium is present in 
all the films. Also observed are two peaks related to CdTe layers which correspond to 
the fundamental transverse (1TO) and longitudinal optical phonons (1LO) respectively.  
The linear I-V curves of glass/FTO/CdS/(n-i-p)CdTe/Au devices grown with different 
CdS thicknesses have a maximum efficiency of 4.48% with Voc ~610 mV and Jsc ~21 
mAcm
-2
, which was achieved for devices with CdTe layers grown on ED-CdS deposited 
for 40 minutes. The efficiency of the films grown on thicker or thinner CdS decreases as 
a results of poor performance which may be due to shunt paths or inter-diffusion at the 
interface between CdTe & CdS. As shown from the results above, CdTe solar cell 
performance strongly depends on the CdS layer thickness. Therefore the objectives have 
been achieved. 
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Chapter 10:   Effect of different Transparent Conducting Oxides 
 (TCOs) on the CdTe layer 
 
 
10.1 Motivation and objectives 
Buffer layers such as i-ZnO and ZnO:Al play an important role in developing stable and 
high efficiency solar cells. There is suggestion that these layers act as a barrier layer 
which prevents Na diffusion into the CdTe solar cells during heat treatment at higher 
temperatures especially when the material layer is grown on a soda-lime glass. The aim 
of this chapter is to investigate the effect of different Transparent Conducting Oxides 
(TCOs).  
 
10.2 Introduction 
Transparent Conducting Oxides (TCOs) are suitable for a great variety of applications 
due to their high transparency and near-metallic electrical conductivity. TCOs are key 
components in most optoelectronic devices.  In solar cells, TCOs are used as the current 
collector; they are applied as an n-type transparent electrical contact with a free carrier 
concentration between 10
18
 cm
-3
 and 10
20
 cm
-3
 [1, 2]. The bandgap energy, Eg of these 
oxide layers is in the range of 3.50 to 4.30 eV and their optical transmission is in the 
range of 80 - 85% in the visible-near IR range depending on the deposition process [2-
4]. In this work, five different TCOs have been examined for material characterisation 
and device analysis. They includes FTO (TEC-7 & TEC-15), ZnO:Al, i-ZnO and ITO. 
Detailed properties of various TCOs used in this work have been discussed in Section 
1.7 of chapter 1.  
Five glass/TCO substrates, each with a different TCO were used to grow the CdS and 
CdTe layers. The growth voltages were changed in order for the deposition of CdTe 
layers to form (n-i-p), as discussed in chapter 7. Deposition of CdTe films have been 
discussed in section 3.4 of chapter 3. 
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10.3 Characterisation of CdTe grown with different TCOs 
 
10.3.1 X-ray diffraction 
Figure 10.1 shows the X-ray diffraction patterns for as deposited and heat treated (n-i-p) 
CdTe layers deposited on ED-CdS grown on different TCO substrates. The main 
diffraction peak at 2θ = 23.642o corresponds to preferred orientation along (111) plane 
of the cubic phase. This peak was assigned according to the J JCPDS (01-075-2086) 
data on cubic CdTe. Other peaks identified from the diffractogram are (220) and (311). 
These peaks are present in all the CdTe films but their intensity was depended on the 
TCO layer.  
After heat treatment in air at 450
o
C for 15 minutes the intensity of all the peaks 
decreases due to loss of material through sublimation. The decrease in FWHM indicates 
an increase in grain size and/or an improvement in crystallinity. The heat treatment 
enhances the grain growth of CdTe films, reducing residual stress within the films and 
may also cause sublimation of excess elements from the layer. The values of XRD 
intensity, FWHM and D of (n-i-p) CdTe layers deposited on CdS grown on different 
TCOs are presented in Table 10.1 using equation 2.18 given in section 2.2.1 of chapter 
2. 
 
Figure 10.1: X-ray diffraction patterns of (n-i-p) CdTe layers grown on ED-CdS 
deposited on different TCOs (a) as deposited and (b) heat treated (* indicates Te peak). 
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Table 10.1: XRD intensity, FWHM and grain size of (n-i-p) CdTe layers grown on 
ED-CdS deposited on substrate with different TCOs [AD = as deposited and HT = heat 
treated]. 
TCOs XRD Intensity 
(arb. units) 
FWHM Grain size (nm) 
AD HT AD HT AD HT 
ITO 7635 5600 0.140 0.120 10 13 
TEC-7 3331 2772 0.175 0.140 8 15 
TEC-15 2700 4753 0.184 0.152 6 10 
i-ZnO 3200 2768 0.100 0.090 15 17 
ZnO:Al 5293 3266 0.120 0.095 13 15 
 
From the Table, it is observed that the crystallite size for heat treated sample increases 
and the FWHM decreases; this is due to the coalescence of small crystals and the 
formation of large grains. Furthermore, the FWHM was found to decrease after heat 
treatment. Such effect is due to the decrease in the concentration of lattice imperfections 
as a result of a decrease in the internal micro strain within the films or an increase in the 
crystallite size. It is observed that the smallest FWHM is found in the film grown on 
glass/FTO/i-ZnO substrate, which suggests that this may be a good substrate for 
CdS/CdTe thin film growth. Mazzamuto et al [5] and Dhere et al [6] reported that 
CdS/CdTe films grown on glass/FTO/ZnO:Al have better performance than those 
grown on FTO without a buffer, because of reduced surface roughness at the TCO/CdS 
interface.  The buffer layer also hinders Na diffusion from the glass through the FTO 
into the active layers. Figures 10.2, 10.3 and 10.4 show the XRD intensity, FWHM and 
grain size of CdTe layers grown on CdS deposited on different TCOs. 
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Figure 10.2: XRD intensity of (111) peak observed for (n-i-p) CdTe layers grown on 
CdS deposited on different TCOs. 
      
Figure 10.3: FWHM of (111) peak observed for (n-i-p) CdTe layers grown on CdS 
deposited on different TCOs. 
       
Figure 10.4: Grain sizes estimated from (111) peak observed for (n-i-p) CdTe layers 
grown on CdS deposited on different TCOs. 
 
10.3.2 Optical absorption 
Optical absorption measurements were carried out in order to evaluate the bandgap of 
the CdTe layer. Figure 10.5 shows the graphs of optical absorption for as deposited and 
heat treated (n-i-p) CdTe layers grown on ED-CdS deposited on different TCOs. Using 
equation 2.21 on section 2.2.3 in chapter 2, the bandgap energy values, Eg was 
determined by plotting the square of absorption (A
2
) against photon energy (hv). As 
shown from the Figure, the value of Eg for as deposited samples varies between 1.53 eV 
and 1.55 eV. After heat treatment in air at 450
o
C for 15 minutes the bandgap values of 
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all the samples decreased, and the absorption edge of the curve sharpened; Eg reduces to 
1.45 eV which is closer to the Eg of CdTe bulk material. The reason for the sharpening 
might be due to a change in the stoichiometry or reduction of intrinsic defect population 
after heat treatment. Rami et al. [7] reported that the shift in the bandgap after heat 
treatment is due to the formation of CdSxTe(1-x). Table 10.2 gives the bandgap values of 
(n-i-p) CdTe layers grown on ED-CdS deposited on different TCOs and Figure 9.6 
shows the graphical presentation of the same results.  
 
 
Figure 10.5: Optical absorption curves for (a) as deposited and (b) heat treated (n-i-p) 
CdTe layers grown on CdS deposited on different TCOs. 
 
Table 10.2: Bandgap energy of (n-i-p) CdTe layers grown on CdS deposited on 
different TCOs [AD = as deposited and HT = heat treated].  
TCOs Bandgap (eV) 
AD HT 
ITO 1.53 1.45 
TEC-7 1.53 1.45 
TEC-15 1.55 1.45 
i-ZnO 1.53 1.45 
ZnO:Al 1.53 1.45 
 
Energy (eV) Energy (eV) 
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As shown from Table 10.2, the bandgap energies of the as deposited CdTe samples is 
around 1.55 eV. This must be due to the quantum effects arising from small grains 
present in the layers. After heat treatment the bandgap the CdTe in all the samples are 
1.45 eV which is close to the bulk CdTe value. The reason for this may be some or all 
of the following: a change in the stoichiometry, reduction of the intrinsic defect 
population and improved crystallinity.  
 
Figure 10.6: Bandgap energy of (n-i-p) CdTe layer grown on ED-CdS deposited on 
different TCOs. 
 
The optical transmission spectra for as deposited and heat treated (n-i-p) CdTe layers 
grown on ED-CdS deposited on different TCOs are shown in Figure 10.7. 
Measurements were taken in the wavelength range 600 – 1000 nm on the deposited 
films. The transmission of all the as deposited films was found to be above 80% except 
for films grown on ZnO:Al and ITO where the absorption edge shifted to the blue 
region. After heat treatment the transmission decreases and the absorption edge 
decreases. Furthermore, it is observed from Figure (b), the band edge of ZnO:Al gives 
the actual cut-off wavelength of CdTe ~852 nm and the absorption edge shifted to the 
red region. Metin and Esen [8] reported that a sharper absorption edge indicates fewer 
defects and impurity energy levels in the bandgap of the material.  
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Figure 10.7: Transmission spectra for (a) as deposited and (b) heat treated (n-i-p) 
CdTe layers grown on CdS deposited on different TCOs. 
 
 
10.3.3 Scanning Electron Microscopy 
SEM studies were carried out to investigate the surface morphology, grain size and 
uniformity of the CdTe layers. Figure 10.8 shows the SEM images of (n-i-p) CdTe 
layers grown on CdS deposited on different TCOs. As shown from the Figure, as 
deposited samples show a lot of pin holes (gaps) between the grains especially on 
FTOs/CdS/CdTe substrates. One of the functions of the buffer layers is to reduce gaps 
and pin holes in the CdTe layer minimising leakage paths.  It is known that Na diffuse 
into the CdTe solar cells during heat treatment and therefore limits the efficiency. Since 
Na is a p-type dopant, self-compensation takes place within the n-type CdTe. The use of 
buffer layer prevents this diffusion and hence helps to reduce this detrimental Na-
addition process. Buffer layer may also help the CdS growth uniformly or epitaxial 
instead of islands growth as seen from SEM images. 
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Figure 10.8: SEM images of as deposited (n-i-p) CdTe layers grown on CdS 
deposited on different TCOs.  
 
Figure 10.9 shows the heat treated SEM images of (n-i-p) CdTe layers. After heat 
treatment the grain size increased and almost covered all the gaps. These result 
confirmed that heat treatment enhances the recrystallisation and coalescence of the 
grains to fill the gaps between the grains and forms a uniform thin layer of CdTe.  
g/FTO TEC-7/CdS/CdTe 
g/FTO/i-ZnO/CdS/CdTe g/FTO TEC-15/CdS/CdTe 
g/FTO/ZnO:Al/CdS/CdTe 
g/ITO/CdS/CdTe 
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Figure 10.9: SEM images for heat treated (n-i-p) CdTe layers grown on CdS 
deposited on different TCOs.  
 
 
10.3.4 Energy Dispersive X-ray 
Energy dispersive x-ray (EDX) technique was carried out to investigate the qualitative 
elemental analysis of CdTe layers. The EDX spectra of heat treated (n-i-p) CdTe layers 
grown on ED-CdS deposited on different TCOs are shown in Figure 10.10. In all these 
spectra, the presence of both Cd and Te peaks were observed. The atomic composition 
of Cd:Te estimated from the spectra are 52.7:47.3, 51.2:48.8, 47.9:52.1, 50.8:49.2 and 
g/FTO TEC-7/CdS/CdTe 
g/FTO/ZnO:Al/CdS/CdTe 
g/FTO/i-ZnO/CdS/CdTe 
g/ITO/CdS/CdTe 
g/FTO TEC-15/CdS/CdTe 
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54.1:45.9 for CdTe layers grown on CdS deposited on ITO, TEC-7, TEC-15, i-ZnO and 
ZnO:Al respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.10: EDX spectra for heat treated (n-i-p) CdTe layers grown on CdS 
deposited on different TCOs.  
 
10.3.5 Raman Spectroscopy 
The molecular structure and identification of phases of the material is explored using 
Raman technique. Figure 10.11 shows the Raman spectra of a thick CdTe layer grown 
on InSb substrate, for comparison [9]. Also shown in Figure 10.12 are the Raman 
spectra of CdTe layers grown on ED-CdS deposited on various TCOs. 
TEC-7 ITO 
TEC-15 i-ZnO 
ZnO:Al 
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Figure 10.11: Raman spectra of a thick CdTe layer grown on InSb substrate [9]. 
 
 
Figure 10.12: Raman spectra of (n-i-p) CdTe layers grown on ED-CdS deposited on 
various TCOs (courtesy: Inst. of Mater. Research, Univ. of Leeds). 
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As shown in Figure 10.11, two peaks related to CdTe layers are identified at 141 - 142 
cm
-1
 and 165 - 169 cm
-1
 and correspond to the fundamental transverse (1TO) and 
longitudinal optical phonons (1LO) respectively. Another peak at 121 - 123 cm
-1
 is 
known to be the A1 phonon of the elemental tellurium. It is observed from the spectra 
that the features related to CdTe layer are most prominent in the film on the i-ZnO 
substrate which indicates the advantages of using a buffer layer in making solar cells. 
Furthermore, the TO(CdTe) is also dominant in this spectrum and the A1(Te) intensity 
has reduced, improving the quality of CdTe layer. All these peaks are very close to 
those reported by other researchers in the field [10-12].  
 
10.4 Device characterisation 
As discussed in chapter 6, the completed glass/TCO/CdS/(n-i-p)CdTe/Au contacts were 
then assessed using I-V technique. 
10.4.1 Current-voltage (I-V) characteristics 
Figure 10.13 show the linear I-V curves of glass/TCO/CdS/(n-i-p)CdTe/Au contacts 
under AM 1.5 illumination, for devices with CdTe layers grown on ED-CdS deposited 
on different TCOs.  
 
Figure 10.13: Linear I-V curve of glass/TCO/(n-i-p)CdS/CdTe/Au contacts under AM 
1.5 illumination condition for (n-i-p) CdTe layers grown on ED-CdS deposited on 
different TCOs. 
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Table 10.3 shows the results of Voc, Jsc, FF and η of fully fabricated CdTe solar cells. A 
maximum efficiency of 3.56% with Voc ~530 mV and Jsc ~21 mAcm
-2
 were achieved 
for devices with CdTe layers grown on ED-CdS deposited on ZnO:Al substrate.  
Table 10.3: Cell parameters under illumination of (n-i-p) CdTe thin film solar cells 
grown on CdS deposited on different TCOs.  
TCOs Cell parameters 
Voc (mV) Jsc 
(mAcm
-2
) 
FF (%) η (%) 
ITO 360 11 0.28 1.11 
TEC-7 480 14 0.35 2.35 
TEC-15 450 12 0.28 1.51 
i-ZnO 440 19 0.35 2.35 
ZnO:Al 530 21 0.32 3.56 
  
From the Table above, it is observed that the highest current density of 21 and 19 
mAcm
-2
 were achieved for ZnO:Al and i-ZnO which indicate that a buffer layer 
improves the performance of the solar cells. Mazzamuto et al [5] reported that to 
prevent Na diffusion into CdTe film during heat treatment through FTO, a buffer layer 
(e.g. ZnO:Al) must be used. It also separates the CdS from FTO in order to limit the 
effect of eventual pinholes that could be present in CdS. Figure 10.14 show the 
individual graphs of Voc, Jsc, FF and of glass/TCO/CdS/(n-i-p)CdTe/Au/contacts. It 
was reported in the literature [1] to obtain a high efficiency the sheet resistance of the 
TCO must be less than 10 . The highest efficiency obtained is from ZnO:Al which 
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Figure 10.14: Cell parameters of (n-i-p) CdTe layers grown on ED-CdS deposited on 
different TCOs. 
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10.5 Relationship between performance and TCOs. 
Table 10.4 shows the summary of the relationship between the device performance and 
the TCO used. According to these results, the largest grains are grown on ZnO 
substrates, and the highest efficiency is produced with ZnO:Al. The high performance 
must be due to the formation of large grains combined with low sheet resistance of 
ZnO:Al.  
Table 7.5: Summary of relationship between the cell performance and the TCO 
used. 
TCOs XRD parameters Bandgap  
(eV) 
Cell 
efficiency, 
η (%) 
FWHM Grain size, 
D (nm) 
ITO 0.120 13.0 1.45 1.11 
TEC-7 0.140 15.0 1.45 2.35 
TEC-15 0.152 10.0 1.45 1.51 
i-ZnO 0.090 17.0 1.45 2.35 
ZnO:Al 0.095 15.0 1.45 3.56 
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10.6 Summary 
CdTe have been deposited on glass/TCOs/CdS substrates using low-cost aqueous 
electrodeposition method using two-electrode system. The XRD results for both as 
deposited and heat treated CdTe layers show a cubic structure with the main diffraction 
peak at 2θ = 23.642o which corresponds to preferred orientation along (111) plane of 
cubic phase. Apart from the main peak (111), other peaks identified from the 
diffractogram are (220) and (311). These peaks are present in all the CdTe films but 
their intensity was different. When the CdTe layer is stoichiometric, these two peaks 
diminish indicating an increase in preferred orientation.  
The optical absorption measurement shows the value of bandgap, Eg for as deposited 
samples vary in the range 1.53 eV - 1.55 eV. After heat treatment in air at 450
o
C for 15 
minutes the bandgap values of all the samples decreased and absorption edge of the 
curve sharpened and gives 1.45 eV which is closer to Eg of the CdTe bulk material. The 
transmission of all the as deposited films was found to be above 80% except for ZnO:Al 
and ITO with the absorption edge shifted to the blue region. After heat treatment the 
transmission decreases, and the cut-off wavelength is close to that reported for CdTe 
~852 nm for the film grown on ZnO:Al; the absorption edge shifted to the red region. 
SEM studies of as deposited samples show a lot of pin holes (gaps) between the grains 
especially on FTO/CdTe substrates. The presence of these empty spaces seems to be 
one of the main reasons for poor performance and inconsistent device performance. 
After heat treatment the grain size increased and almost covered all the gaps. It is clear 
that buffer layers such as i-ZnO and ZnO:Al help in drastically reducing the density of  
pin holes (gaps) in CdTe layer. Buffer layer may also help the CdS growth uniformly or 
epitaxial instead of islands growth as seen from SEM measurement.  
EDX spectra of heat treated (n-i-p) CdTe layers indicate the presence of both Cd and Te 
in these layers. The approximate atomic composition of Cd:Te estimated from the 
spectra is  52.7:47.3, 51.2:48.8, 47.9:52.1, 50.8:49.2 and 54.1:45.9 for CdTe layers 
grown on CdS deposited on ITO, TEC-7, TEC-15, i-ZnO and ZnO:Al respectively. 
From the results the CdTe layers deposited on ZnO:Al substrate are rich in Cd, most 
probably due to slight change in Te-addition during CdTe layer deposition. Raman 
measurements indicate the prominent feature in the i-ZnO substrate is related to CdTe 
which confirm the EDX data showing that this film is close to stoichiometry. The 
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presence of a Te signal indicates the precipitation or presence of crystalline Te layer on 
CdTe surface in most films.  
The linear I-V curves of glass/TCO/CdS/(n-i-p)CdTe/Au devices grown on CdS 
deposited with different TCOs gives a maximum efficiency of 3.56% with Voc ~530 mV 
and Jsc ~21 mAcm
-2
; these parameters were achieved for devices with CdTe layers 
grown on ED-CdS deposited on ZnO:Al substrate. Furthermore, i-ZnO substrate 
produces the second best current density of 19 mAcm
-2
. It is known that Na diffuse into 
the CdTe solar cells during heat treatment and therefore limits the efficiency. Since Na 
is a p-type dopant, self-compensation takes place within the n-type CdTe. The use of 
buffer layer prevents this diffusion and hence helps to reduce this detrimental Na-
addition process. The results from I-V measurement confirmed this situation. These 
results suggest that use of an appropriate buffer layer improves the quality of the solar 
cells. The work presented in this chapter indicates that the main effect of buffer layers 
like i-ZnO and ZnO:Al is to reduce pin holes or gaps in CdTe by changing the wetting 
properties at relevant interfaces, therefore the objectives have been achieved.  
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Chapter 11:   Future Work 
 
CdS thin films have been deposited on glass/FTO substrates using a low-cost two 
electrode aqueous electrodeposition method. The XRD results indicate that both as 
deposited and heat treated ED-CdS layers are polycrystalline and have hexagonal 
structure with preferential orientation along the (101) direction. Photoelectrochemical 
(PEC) measurements show that the deposited layers are all n-type in electrical 
conduction. Optical absorption measurements give a bandgap of ~2.42 eV for heat 
treated samples. 3D-AFM measurements shows that the layers consist of tightly packed 
and well defined nano-rods. Both 3D-AFM and SEM results reveal that these are holes 
or gaps in the CdS layer indicating island-type growth of CdS layers. This type of 
growth could leave detrimental effects on fully fabricated devices. XRF and XPS 
measurements show that the atomic ratio of Cd:S are close to stoichiometry. Raman 
spectroscopy identifies two peaks which are related to CdS. 
The stability of CdS bath and its lifetime should be improved. In this work, the methods 
used to maintain a stable bath is reducing the pH and temperature. There is a need to 
control the sulphur precipitation in the CdS bath because films grown in this condition 
produce non-uniform layer and generate pin holes. Starting layer of CdS is crucial for 
developing high efficiency solar cells minimising leakage. The use of buffer layers such 
as i-ZnO and ZnO:Al in making solar cells is also recommended as it improves the 
efficiency of the device.   
 
Thin film of ZnTe has been deposited on glass/FTO substrates by low-cost two 
electrode aqueous electrodeposition method using two different Zn
2+
 concentrations. A 
strong peak of ZnTe is observed at lower Zn
2+
 concentration from the XRD 
measurement showing better crystallinity of the film. The electrical conductivity of the 
deposited layer shows p-type from both lower and higher Zn
2+
 concentration using PEC 
measurement. 3D-AFM shows the presence of nano-rods like material layers. XPS 
results indicate that the compositions of ZnTe layer as 32.8:67.2 showing the 
electrodeposited layers are rich in Te. Raman measurement confirmed this by observing 
a strong Te- peak in the spectrum. 
222 
 
The deposition of ZnTe is successful but our aim is to use it in graded bandgap multi-
layer solar cells. It is reported from literature that multi-layer solar cells produce higher 
efficiency due to the higher internal electric field (Ei) created within the device. ZnTe 
film grown in this work is Te-rich as shown from Raman, XPS and EDX measurements. 
Work should be continued to improve the layer and produce the stoichiometric ZnTe 
which is necessary for good devices. It is also necessary to investigate why ZnTe layer 
always pell-off when inserting into CdS and CdTe baths. 
 
CdTe has been deposited on glass/FTO/ED-CdS substrates using a low-cost two 
electrode aqueous electrodeposition method. PEC measurements confirmed that 
electrodeposited layers produced n-, i- and p-type CdTe simply by changing the 
deposition voltage. The XRD results for both as deposited and heat treated materials 
confirm cubic structure with (111) preferred orientation. Close to the stoichiometric 
growth region only (111) peak is dominant indicating better crystallinity due to the 
presence of a single phase, CdTe. Away from stoichiometric region, crystallinity is poor 
due to presence of two phases either Te or Cd in addition to CdTe phase.  
SEM studies show that the deposited layers had pin holes between crystallites. Their 
proportion depends on how far away from the stoichiometric position. 3D-AFM images 
show CdTe has highly-ordered and densely packed as columns perpendicular to the 
substrate. Two peaks related to CdTe and one Te peak was identified from Raman 
spectroscopy indicating presence of excess Te in electrodeposited layers. XPS work 
reveals that electrodeposited CdTe has a similar spectrum to that of clean cleaved CdTe 
except for the additional presence of C and O peaks which may be due to surface 
contamination. 
It is established that thickness of CdTe has an impact on the solar cell performance. For 
comparison, six samples grown at different thickness were characterised by various 
techniques. I-V measurements for completed glass/FTO/ED-CdS/CdTe/Au devices give 
the maximum efficiency of 7.60% with Voc ~660 mV, Jsc ~24 mAcm
-2
 and FF ~0.48 
were achieved for 5 hrs growth of CdTe. The efficiency goes down as the thickness 
increase or decrease. From log I vs. V results, rectification factor (RF) ~10
3.7
, n value 
~1.88 and φB ~1.20 eV were achieved. The capacitance-voltage measurement gives Vd 
~1.35 eV and doping concentration (ND) of ~2.0 × 10
17
 cm
-3
. 
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One of the main challenges facing most of the growth techniques is the reproducibility. 
The electrolytic bath composition should be continuously monitored. There is a need to 
use double-distilled water instead of de-ionised water in preparing our electrolytic baths. 
This will enable the researchers to minimise impurities in electrolytic baths. 
The use of graphite carbon rod as a cathode and an anode need serious consideration. 
During the growth process, the graphite carbon particles sometimes fall into the bath 
which alters the uniformity and adhesion of the deposited layer. This could also be a 
continuous impurity source to the electrolyte. It is therefore necessary to replace this 
graphite carbon electrode with high purity cadmium electrode. 
Te- addition method is another task to be improved. It is very difficult to know exactly 
the amount of TeO2 inside our bath. It has been found that the growth of stoichiometric 
CdTe is possible by careful control of the Te- addition. It is recommended to use a 
pump which may be able to control the Te- addition to the bath. The work presented in 
this thesis shows the presence of excess Te in both ZnTe and CdTe layers. Efforts 
should be made to minimise these excess Te in order to improve device efficiencies.  
Thickness is a very important parameter to know when growing semiconductor 
materials. The methods usually employed to obtain the thickness of our material layers 
is Faraday's estimation and DEK-TAK method. In the future work, other methods such 
as SEM cross section, gravimetry and ellipsometry should be used for comparison. 
Furthermore, we need to know the sheet resistance of the TCOs which is also necessary. 
Methods used to measure this parameter include transmission-line model (TLM) 
measurement, four-point probe, microwave probes etc. 
 
 
 
 
 
 
